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΄ǜϻʴ͖͆ˇ些ͬwʉѼ҂mǂϷx͠ɵǈƳȍşͩρȑƳȍυȱͬ产ȱ͢ѩ

¦ϑϜɿ˩ƃƚʁgŹϿ͂ĐϨƋͬ些Ćvm��ļ͓ŹőͩρȑƳȍʔ�mϿ͂дЩ

eƫŹ¶͞Ƌ二ӱ�ĸ͠˱ȶРƾąͬʧ΄͓юgʩ҂p˲źmӒǜϻͬəϕ҂˲m

ʧ΄͓ю¤wŅҜÖźȞċȤęm¶ȎϿ͂дЩ҂Øʧ΄ʔ�g 

Źʧ΄ʔ�mϿ͂uŅ�Źˇ些ʔҭ亿͐vϢ丽ͬʣ°έͬ˸·Ȟċv亚mҁ¶Ͽ

͂uõ͓ƗҪʎ̎ʯʁăͬ͞ʣ°έgҁ�wʉƌđͬʎ̎¶ͬ͞ʣ°έmǂϷŹдЩ

Ͽ͂ʔĐϨşϰϨxϿ͂ͬӠΔͳ˸ʩhҩНgҁΑдЩȝѩͬ丽ĿǂϷxă͞ʧ΄ˀ

ɡĽӿϰҪʁ͐ͬʋƃ°ηό，wʉ̠͓mƗҪ产ȱǺ，y͞ģƏ͖Ūǌʜâeopg!

ĥdy͞ģƏ͖ŪxҔ͞Ə͖Ūͳ˸Ņ�ɮӿ 10 Â�uͬϰҪʁ͐m¶Ȏ产ȱǇ

Ҫy͞ģƏ͖ŪͬηϑϰҪʁ͐ƗƗɮӿg¬ǩПͬηϑãʯƗҪwŏͬǲ͞яѱmh

xɮӿҁ˕ηϑͬϰҪʁ͐m̀ ，Ǥ享Н产ȱƗҪͬǺ，y͞ģƏ͖Ūǭ业Ǵѯ�ąy

͞ģƏ͖ŪuȽЕgҁ¶Ȏʭψηϑˋ，ȱh CoDAk Coprocessor-Dominated 

Architecturelg!

ʷʇκκŲύ³ϥ³h GreenDroid şʧ΄Ű互ȱśŹđǛƗƬŸ乘Ȱ÷˔ǜ³ʵ

于mȶ҂Еͬ七ж CoDA ˋ，дЩō͖ȟfŅȾǔȟfϰҪʁ͐fļ͓Цíʶˀ CoDA

ˋ，Ƶ͓ȶҙą̳ͬŹ二ӱǔǹm҂Еx�vòdʌӠͬÿʋȟǜ³n 

k1lΚx CoDA ǀǲͬ͞ҍ͞ȟmǭ�˱且ʖ CoDA ҍōʧ΄ʔ�gʷʇ÷ˉ

xưĤΖēѯ�ˑmļ͓Ɨ乱÷ǲ͞ʜƆ}Þ�ĳ͝ǱşЏɓʹͬmΆ�ęҁ乱÷ѯ�

ǌŅ�¶Ȏǲͬ͞Ɨ乱÷ѽЕŹy͞ģƏ͖Ūugoőҩ̹÷ˉxưĤ̚УŪmǭ¶͞

΄，书y͞ģƏ͖ŪƵ͓xҁd̚УŪgƵ仍όˊИʖŹ 22nm ǜϻv 7mm2 ͬ΄ӠΔ

͞}，书y͞Ə͖ŪǌŅ�Оͯ̚УŪ 90%ͬѽЕg¶͞Ņɩľͬ΄ӠΔǌŅ�Оͯǲ

͞ȽЕmжʖx CoDA ˋ，ҍōʧ΄ʔ�g 

k2lҬǀȘҕɨι CoDA дЩΛ于ͬ享̀mɮõx CoDA ˋ，÷ˉ˩ƃmǭǀʷ

ʇɮõͬƕϖǴŅȾǔ CoDA ˋ，҂ЕǸ˩gрˋ，Ņ�͠wŏʅҪ͙ͬ͂υȱm˷ p

d͙͂Ņ�ĘŕwŏʅҪͬöʅδǴy͞ģƏ͖Ūmǭ]˷pdy͞ģƏ͖ŪҢŅ�ʜ

Ǻ，ͬg÷ˉ˩ƃ͞ˀ万©˷pΑ͈Ƴ CoDA ˋ，ͬϰҪfӠΔşȟϰo˩ƃĵʅʏĘ

ŕxӿǑ˫ͬ°ηό，ĵʅmtĘŕ®Ǒ˫ͬ͢ѩƵ͓ĵʅg 

k3lɨιx CoDA ˋ，Źwŏ Cache Ҥϟf͙͂ƗǆfεδǴϰϨέ͖Ωͦ�ĸ

ʣ°έƵ͓ΧĵʅvͬϰҪʁ͐二ӱgŹʭ£ęͬĵʅʿ�vmxҔ͞ˋ，ͳ˸ǆС˩

CoDA дЩŅ�Ǧˀ 5.3 ÂͬϰҪʁ͐£ęş 5 ÂͬϰҪǶʔΔkenergy-delay product, 

EDPl£ęoϦǀ}ɻəuͫdǲͬ͞ƗС˩ CoDA дЩmŅ�Ǧˀ 3.7 ÂͬϰҪʁ͐

£ęş 3.5 Âͬ EDP £ęgҁ且ʖhƗС˩ǲ͞ϦдЩͬƗС˩ CoDA Ⱦǔʜʯʁͬg
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˱Ɣm̫ ʇļ͓ CoDA дЩĬ¶Ҧ͞x̵҂ͬϰϨέ͖Ωͦm̱ ͢ĐϨȶĨȠĐϨͬ˸

·�̽Ӓ CoDA С˩ƌƗϦƌƗg 

k4lɨιxǭļȽЕǀ CoDA ϰҪʁ͐ͬȅŢgΔˇͬȅŢʜҁ�ŏʔѽЕͬΗ

ǰȳσΗŅ�÷ɳ̱͢ĐϨΧųƳͬǹҲmҁ˕Ņ�ɮӿηϑͬϰҪʁ͐g̞ˇͬȅŢ

ʜmȂ介ē CoDA ͝ȱͬͱːǲ͞产ōşƵӇѽЕͬǲ͞产ōwĜҤʔm¤书ȱƗҪΗ

ǰΡzˌ�y͞ģƏ͖ŪmηϑͬǫŽϰҪʁ͐ǅƗƗ亚®g̫ ʇɮõ CoDA ˋ，产ȱ

ОͯƕdöʅĐϰͬГō QsCore ˀñǇΡzìΝgƵ仍Иʖ¶͞Гō QsCore ͬʌǻm

��ƌđ 41%ͬӠΔǌŅ�ɮ¸ 2 ÂʅҪͬy͞ģƏ͖Ūmǭ¶Ȏ亮Žė÷Ǣяѱͬϰ

Ҫʁ͐ɮӿ 11.1%~22.1%g 
k5lҬǀ¶͞ȂĉǜϻƵ͓ͬ FPGA ˩ɓvp�ǜϻƵ͓ͬ CoDA Ͽ͂ʔmĥd

FPGA Ͽ͂个̭wѥͬ二ӱmɮõxѨƕϿ͂ŅȾǔͬ 2D-mesh ͂uϞϏgрϞϏ͠Ѩ

Ͽ͂ͬ͒ȄϞϏ乔ɩmǭhѨϿ͂ͬ˷pd 2D-mesh ͖͆ҔҚ÷Ąɮ¸ѨϿ̗͂ͬɪʹ

ĆgѨϿ͂ͬ͒ȄϞϏɮ¸x ASIC Ͽ͂ą FPGA �ĸ FPGA o于bΑŅҎ乔ɩʌ˚g

Ҕ之¶͞рдЩʌ˚mʷʇ¶͞bſ Virtex 6 FPGA Ͽ͂ӷ˫Ƶ͓x CoDA ˋ，ĳƃη

ϑg 
 

ßҵ上nʧ΄mCoDAmƗС˩Ǻ，mģƏ͖ŪmϰҪʁ͐mŅȾǔȟ  
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As silicon technology approaching its physical limitation, the traditional scaling theory 

guided by Moore’s Law and Dennard’s Law is about to fail. Under the limited power budget, 

we find the Utilization Wall and Dark Silicon phenomenon exist in current chip designs in the 

Post-Dennard scaling era. Furthermore, the dark silicon phenomenon will worsen 

precipitously with each process generation, making the chip design go into the dark silicon 

regime. 

In the dark silicon regime, the percentage of a chip that can switch at full frequency is 

dropping precipitously, which leaves more and more on chip transistors couldn’t utilize. So 

silicon area becomes less expensive relative to power and energy consumption. This shift 

calls for new architectural techniques that trade dark silicon area for energy efficiency. One 

such technique is the use of heterogeneous specialized coprocessors. 

Because the specialized coprocessors could save more than 10x energy than 

general-purpose processors, so employing coprocessors could improve the energy efficiency 

of the system for single application. However, most of the common systems have a great 

number of diverse workloads, in order to improve the energy efficiency of such system, 

architects need to employ hundreds or even thousands of specialized coprocessors and 

schedule software to run on these coprocessors. As the number of coprocessors scales up, 

these designs will transform from coprocessor-enable systems to Coprocessor-Dominated 

Architectures (CoDAs). 

As a member of UCSD GreenDroid group and Dark Silicon Center, the author writes 

this paper at UCSD. This paper focus on the theory, scalability, energy efficiency, and some 

potential issues about the CoDA. The innovations include the followings: 

(1) This paper makes the feasibility study of CoDA, and demonstrates CoDA is suitable 

for the Dark Silicon regime. This paper analyzes the Android mobile software stack, and finds 

most applications running on native libraries and virtual machine. If we build coprocessors for 

these shared codes, most of the software will run on coprocessors. Then, the paper analyzes 

web browser, and uses silicon to build it. The results show that it only need 7mm2 chip area to 

cover 90% web browser dynamic execution on specialized coprocessors under 22nm process. 

Its only take an acceptable piece of silicon area could cover most of the application execution, 

which indicate that CoDA is suitable for the Dark Silicon regime. 

(2) In order to explore CoDA’s design space under acceptable speed, the paper proposes 

a CoDA analysis model. The CoDA architecture in analysis model could employ a 
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multi-dimension scalable structure. In this paper, CoDA could compose by different number 

of tiles, each tile can contain different number of coprocessors and each coprocessor could be 

heterogeneous. The analysis model could evaluate the energy, performance and area of each 

specific CoDA design, and the design parameters includes both high level architecture 

configurations and low level implementation configurations. 

(3) Exploring the CoDA energy efficiency under different Cache configurations, tile 

sizes, coarse-grained energy management strategies and the transistor libraries. Under the 

optimal configuration, CoDA design approach that can deliver 5.3× improvements in energy 

efficiency and 5.0× improvements in energy-delay product for small workloads could 

continue to yield improvements of 3.7× in energy and 3.5× in energy-delay for designs 

covering over 100 applications. A scalable CoDA design can continue to deliver superior 

efficiency even for large workloads, which means CoDA could scale. In addition, the paper 

finds even with aggressive power management, leakage is still a sizable fraction of CoDA 

energy that grows with coprocessor count.  

(4) Exploring the influence of concurrent execution on CoDA’s energy efficiency. The 
effects are divided into positive and negative sides. On the positive side, running multiple 
threads on a CoDA increases overall energy efficiency because it amortizes fixed energy costs, 
including those due to leakage, across the work from multiple threads. On the negative side, 
when the target workloads drive CoDA generation mismatched the real workloads, concurrent 
threads raise the possibility of competition for c-cores, which could reduce the average energy 
efficiency of the system. The paper proposes to integrate the merged QsCore into CoDA to 
reduce the competition conflicts. The results show that using QsCore to provide twice number 
of C-cores for each type, only cost 41% additional area, but it could improve the energy 
efficiency from 11.1% to 22.1% in the non-uniform case.  

(5) Because single FPGA chip implemented on current technology process does not have 

enough recourse to emulate the CoDA chip target on next generation process. The paper 

proposes an inter-chip scalable 2D-mesh network, which connected by cross chip ring 

network. The inter-chip design also provides flow control for each physical channel of the 

2D-mesh. The ring network design provides two types of connectors for crossing the chip. 

One is ASIC to FPGA (MURN IO) connector; the other one is FPGA to FPGA (FMC) 

connector. By using the inter-chip 2D-mesh network, the paper uses two Virtex 6 FPGA 

boards to set up the CoDA prototype system at the first time. 
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Key words: Dark Silicon, Coprocessor-Dominated Architecture (CoDA), Massively 

Heterogeneous, Coprocessor, Energy Efficiency, Scalability
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Equation Section (Next) 
1 �¿Ö�

� � �¬³Ç��

� � � �:¥uïöo��P�

̤�Ȑβǜϻõ͓oĉͬ 30 ƕǬmVLSI ͬļǔòpc˘қȏϊäͬɵǈƳȍ[1]

şͩρȑƳȍ[2]mҁtʜϿ͂дЩǤͬϠƢʔ�gŹҁ 30 Ǭem��óÅ CMOS ǜϻ

ͬ҂˲mǌŅ�¶ȎŌΑѽάдƐͬȟϰ串ˀ串Ȁf°Δ串ˀ串ǆ͜϶ĐϨtŅ�ґ̩

亚®gǜϻ˷҂˲p�mǌ¤¶Ȏʣ°έͬӠΔñǇpÂmʣ°έͬϢ丽ҕǴt¤ɜ̾

͈ȉǍƿͬɼϜ˸·ϦɮĠmǭ]͠}¸͢͢ıͬv亚ĥdʣ°έϢ丽ȶ享ͬĐϨt¤

Ӓoȱɛʅv亚gҁ�Ŀę¶ȎŹϿ͂ȠĐϨ乎«wĿͬȨîvmϿ͂uǌŅ�产ȱ 2

Âͬʣ°έg 

Źҁ 30 ǬemóÅҁ�串ˀ串ƕͬʣ°έmдЩǤŅ�ŹƏ͖Ūeɿϟ串ˀ串ƕ

ͬȽЕĥÑfĐϰ乱�şҦ͞ʩđƑʺͬʹĆˀwʉɮĠƏ͖Ū：ͬȟϰg˸ƣ¶͞Ƒ

ʺͬѡːҪ̗˾σfwǰȽЕfσΗοĉͻȽЕfƑʺͬ÷ɻӫ̙ΧΧg 

乎ǬˀmȂǜϻ҂Ø̤�ȐβoőȨîļ͝xɽĿgБ̽Ͽ͂u产ȱʣ°έͬƽǴ

乐Źwʉȱɛʅƌ予m¬ʜĥdʣ°έϢ丽ȶ享ͬĐϨwéӒ͈ȉǍƿͬ亚®ȱɛʅv

亚gҁǂϷxŹųƳͬϿ͂ĐϨӫάvmŅ�Źʭӿʔҭ亿͐vϢ丽ͬʣ°έʅҪĨ˸

Ӓǜϻͬ҂˲ȱ˸·v亚gҁǌ�͝x¶͞Ƌ二ӱ[3-6]mǭ͠˱Рƾąʧ΄͓ͬю[7-13]g

ɩvˀʷʇӷÓώõ¶͞Ƌͬŕnmoőé�͖七÷ˉfǜ_ͤ�ŠРƾˀ云҉ҁd二

ӱͬō͖ȟşͶƵƫŹȟg 

Ƭʸͤȶ且ͬ¶͞Ƌ二ӱkUtilization Walllʜɛ͠}ĐϨͬ些Ćm˷p˫ǜϻͬ

ʩʋmǅǂϷϿ͂uŅ��ʭӿҕǴϢ丽ͬʣ°έͬ˸·ȱɛʅ亚®g¶͞Ƌ二ӱͬ�

͝ʜ͠}ɵǈƳȍşͩρȑƳȍÞŏυȱͬϊäϜɿ˩ƃeͬͩρȑƳȍƚʁ书ȱͬg 

DRAM ͬļʖ�ͩρȑkRobert H. Dennardl[2]Ź 1974 Ǭɛõ˷p˫ǜϻͬʩʋǅ

Ǧˀ S2(ʷϼÈдʣ°έϜɿůƨh Smξh 1.4)Âͬʣ°έmҁ�ʣ°έͬѽЕ亿͐Ņ

�ɮӿ S Âmȶ�ͳŏϿ͂ӠΔv̳ŹͬѽάϰĎǅɮӿ S3k2.8lÂgx˱ŏʔmĥ

dʣ°έͬ͢ƹǅ亚®hĳˀͬ 1/Smç：͢ıt亚®hĳˀͬ 1/Sg͠ ˱ЩάõͬϿ͂

uȶʯʣ°έͬȠĐϨwĿgȠ°ˀ͵ͩρȑƳȍ云҉xbd二ӱn1lƏ͖ŪͬЩά

ȟϰɮĠǭwʜ��ľͭ}ʅҪ串ˀ串ƕͬʣ°έmtľͭ}ʣ°έ串ˀ串ȘͬϢ丽ҕ

Ǵg2lͩρȑƳȍИʖx¶͞ʋǜϻőmŏ˕ӠΔͬϿ͂ĐϨòpwĿg 

Ûǻk1-1lώõxĥdʣ°έͬĐϨЩάÛǻgʣ°έͬĐϨ͠t乱÷υȱmΧ

ǻňºΦpӦhēȜĐϨmΦ|Ӧʜ̱̗ĐϨmΦtӦʜͽѩĐϨg͠ }Ź 130nm ǜϻ

oĉmʣ°έͬĐϨiНĽí}ēȜĐϨmȶ�¶͞ʋǜϻƵ͓ͬĥdʣ°έĐϨ亚®

hĳˀͬ 1/S2g¬ʜϿ͂uŅ�产ȱĳˀ S2 Âͬʣ°έmȶ�Ͽ͂ͬȠĐϨŅ�ϖəw
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ĿgҁǌʜͩρȑƳȍͬΦ|dό七gã°Щά之ΗПИ 1-1 eͩρȑ˩ƃûg 

                    21
2 dd leakage dd sc ddp CV f I V I Vα= + +                    (1-1) 

Ȃǜϻ̲҂ą 90nm oőmʣ°έ̱̗ͬĐϨґ̩Ĩɢxiǂźgʣ°έ̱ͬ͢

̗iН͠t乱÷υȱn�Ӏ¦ǂ̱̗fό̱̗şˏˇ̱̗gŹ®̭͢͢ış®ӀÆ͢ı

ͬϿ͂um�Ӏ¦ǂ̱̗ʜʣ°έ̱̗ͬ͢iН乱÷mϦ]¤ӒӀÆ͢ıͬwʉ亚®

ϦɜɛʅѣĖƌđ[14]g 

                         2
max ( ) /dd t ddf V V V∝ −                         (1-2) 

Ûǻk1-2lʜИȉʣ°έϢ丽ҕǴͬßηǻmŅПʣ°έͬϢ丽ҕǴx¸͢͢ı

şӀÆ͢ıͬǟÆȱ˰˸gů˱hxϖəʣ°έͬϢ丽ҕǴmVdd ͬ亚®ȓ̽Ǽļ Vt ͬ

亚®g 

                        exp( / )subthreshold thI V T∝ −                       (1-3) 
Ûǻk1-3lИȉx�Ӏ¦ǂ̱̗ͬßηǻmŅП�Ӏ¦ǂ̱̗şӀÆ͢ıͬĿę

ѣĖȱĻʌŒͬɛʅßηgtǌʜ且ȂӀÆ͢ı亚®ͬʔÄm�Ӏ¦ǂ̱̗ǅȱɛʅƌ

予g 

ϗōÛǻk1-2lşk1-3lmhx¶�Ӏ¦ǂ̱̗ϖəŹŅɩľͬЅŲ�¼ЉȎŅ�

Ʉḻ̗̌ͬĐϨmǌwϰɜ̾ǜϻɼϜͬ˸·亚®ӀÆ͢ı͜϶享НϖəӀÆ͢ıwĿg

ŹҁΑȨîvmhxϖəʣ°έϢ丽ҕǴ�ĸЉȎѥƖͬūƎƹ些mϿ͂ͬ¸͢͢ıt

wϰɜ̾¦ϑ˩ƃͬɼϜ˸·亚®g¸͢͢ıͬϙȯ亚®͜϶ϖəwĿmǅǂϷϿ͂ʆ

°ͬĐϨȘҕuĠmҁ¶ȎͩρȑƳȍƚʁg 

И 1-1 ¦ϑϜɿĵʅxőͩρȑƳȍϜɿĵʅǀ˸[8] 

CMOS ʣ°έǕȟ ͩρȑ 
Ƴȍʔʵ 

őͩρȑ
Ƴȍʔʵ 

ĐϨӫά 1 1 
Ͽ͂ӠΔ 1 1 
͈ȉǍƿϜǆ˸·kW, Ll 1/S 1/S  
ʣ°έʅҪĿę S2 S2 
ʣ°έ亿͐Ŀę S S 
ʣ°έ͢ƹĿę 1/S 1/S 
Ͽ͂ç：͢ıĿę 1/S 1 
ĥdʣ°έĐϨ=!FCV2 1/S2 1 
Ͽ͂ȠĐϨ=ʣ°έʅ x ĥdʣ°έĐϨ 1 S2 
¶͐͞=1/Ͽ͂ȠĐϨ 1 1/S2 

    И 1-1 ͬΦtûώõxŹ̤�ȐβǜϻvͩρȑƳȍƚʁőmŌdĵʅɼϜͬ͊îg

ҁҨÈдϿ͂ͬ¸͢͢ıϖəwĿmҞmʭψϿ͂uȶʯʣ°έƱÙϢ丽ͬȠĐϨǅĿ

h S2gҁ˕ŹϿ͂ĐϨӫάϖəȡƳͬÈдĉɮvmϿ͂uʣ°έͬ¶͐͞ǅ亚®hĳ

ˀͬ 1/S2gҁʜ¶͞Ƌ二ӱõ͓͖ͬ七Ɔmt͠˱ǹŗxőͩρȑƳȍʔ�g 

ŹőͩρȑƳȍʔ�mɵǈƳȍ�̽ļɟ³͞gҁtǌʜ且ǜϻ˷҂˲p�mϿ͂

uͬЩά个̭ȶɮ¸̳ͬŹϰĎ¹ʒɮӿ 2.8 Âkʣ°έʅҪƌƕǭ]ҕǴĿȘmS2xSlg
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¬ʜŹ¶͞Ƌͬ些Ćvm��Ńʯ 1.4 Â̳ͬŹȟϰŅ�Ȏąļɟgâ�ɮ¸ӳƔȟϰ

ͬʣ°έȳКßʉ̭͢ȳКȆǳßʉʔҭm͠˱ǂϷxˋ，Ǥȶ͵ąͬʧ΄͓юgƣˊ

ÈдŹȂĉǜϻvmϿ͂uȶʯͬʣ°έŏʔϢ丽ȶ享ͬĐϨhϿ͂ͬĐϨȠӫάǭϖ

əwĿmҞm；ɢőͩρȑƳȍʔʵͬɼϜÛǻm8 ǬőͬϿ͂ukÈдϊ之 4 �ǜϻl

ǅʯ 93.75%ͬʣ°έƏ}ʧ΄͊Ȝgŵ 1-1ʜ ITRS[15]Ź 2012̓ɊŚ1eŮөͬâŹ 2001

Ǭӫ̙ͬʧ΄ĨϿ͂ӠΔ˸·ŵgҁşu҉͖七÷ˉͬόˊãʯγ«źѣĖg˱Ɣm͠

}̱͢ĐϨʜ CMOS Ū�ͬƆʷǕȟmƣˊ̊ʯŪ�ͬΝȟÿʋmʧ΄͓ю乐Нϒ

ϕȤęvĴm�ϦwŅҜÖͬ¶Ͽ͂дЩ҂Øʧ΄ʔ�2g 

 

ŵ 1-1�8B#A�(	
( Ǭß}ʧ΄ĨϿ͂˸·ӫ̙Ůө[15]��

    °ηό，ͬдЩ享НѧӒϿ͂ȶϰɮ¸个̭ͬĿęϦĿęgŹͩρȑƳȍʔʵmˋ

，Ǥ¶͞ɵǈƳȍǦˀͬӳƔʣ°έˀҋґʭӿͬȟϰo�ƘŹőͩρȑƳȍʔʵmˋ

，Ǥǅ¶͞ҁ�ӳƔͬʣ°έˀҋґʩӿͬϰҪʁ k͐energy effciencylm�˱ˀҍǲʧ

΄ʔ�Ͽ͂uͬ个̭g 

҂ØőͩρȑƳȍʔʵͬʭͲɩͬИ͓ǌʜǜ_ͤͬдЩŹ2005ǬǹƤ丽Œƕ：g

ƕ：ͬдЩȝѩПŵ 1-2g65nm ą 32nm ͬ丽Ŀϊ之x 2 �ǜϻmʣ°έͬϜɿĵʅ

S=65/32 ξΧ} 2gҞm͖七umϿ͂uŅ�产ȱ 4 ÂʅҪͬƏ͖Ū：mǭ]享Н 4 Â

ͬĐϨˀϖəҁ�ʣ°έҗ久˰ǩǜ³g̽ϦϿ͂ͬĐϨwϰʎ些u̢mŹϖəϿ͂Đ

                                                
1 ITRS 2012 Ǭͬӫ̙ɊŚʜŹ 2013 ǬļИm͠} 2013 Ǭͬӫ̙ɊŚŹʷ七ʇɸëʔ乐̊ƱÙʆ͖ļ
Иk2015 Ǭ 1 ʮҩʋˎ͵之lmȶ� 2012 ͬɊŚhͱĉŅПͬʭʋӫ̙ɊŚg
http://www.itrs.net/Links/2012Winter/1205%20Presentation/DesignSD_12052012.pdf 
2 Ƭʸͤǀ}dʧ΄ʔ�eͬЃʇɮ̎ʯƕΑmĘɖdDark Silicon EraefdDark Silicon Regimeeş
dDark Silicon Ageeg̫ ʇ³ϥѲhÇŒ}dDark Silicon RegimeemâȪИ么ͬȫȝʜʧ΄wŅҜÖm
享Н°ηό，Ĵҍǲg¬ʜ͠}̊ʯļ͓ѲhȣȂōҍͬ̂т上́ǀǲmȶ�ʷʇͬeʇ乐ʜ且dʧ΄
ʔ�eg˱Ɣmʷʇȶ且ͬЦíʧ΄二ӱtʜҍǲʧ΄ʔ�ͬȫȝg 
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ϨƗ°wĿͬξʾʿ�v1m� 65nm ǜϻą 32nm ǜϻˋ，ǤŅ�ǅƏ͖Ūͬ：ʅƌđ

ą 2 Âm¬ʜНϖəƏ͖Ū亿͐wĿkŵe̷Ϻ乱÷lmҁtʜȂĉƗƕʅǜ_ͤͬҎ

ɕgłpΑʌ̎ʜϖə：ʅwĿmǅƏ͖Ūͬi亿ɮӿbÂgâ�乐ʯp�Ɔ}bϥo

于ͬʻЖ,·ƣ：ʅƌđpġm亿͐tƌđp�g¬ʜwέҦ͞ŤΑʌǻmϿ͂uͬƗ乱

÷个̭Ңʜʎ̎ʯʁăͬ͞mҁ�个̭ǌȱhxʧ΄kŵe付Ϻ乱÷lg 

 

ŵ 1-2 Ҕ͞ƕ：ȾǔȶǦˀͬƗҪʧ΄[10]  

ǀʭʋͬӿΣi̗Ũ͞Ə͖Ū�ŠͬРƾtŅ�жʖҁp̹gŹ˛ӠΣmǀ Intel 4

� I7 Ə͖Ū NehalemfSandy BridgefIvy Bridge ş Haswell ͬ÷ˉŅ�͵õmI7 ˋ，ͬ

ļǔƆʷΥō¶͞Ƌ͖ͬ七gĬʭӿΣͬϿ͂ϖəi亿ϙȯƌ予ͬŏʔmȯȯƌđƏ͖

Ū：ͬʅҪmtǌʜŵ 1-2 ebϥo于ͬpΑe于дЩʌ˚gŹʱĒŪΣmРƾЄˊÛ

ŋʭʋͬ Mac Pro ʱĒŪ[16]ɲҤͬ Intel ȕȀƏ͖ŪŅ�ļ͓：ʅ串ƕͬӿΣϿ͂mi

亿串®g·ƣ 6 ：ͬȕȀƏ͖Ūi亿h 3.5GHzmϦ 12 ：ͬȕȀƏ͖Ūi亿�h 2.7GHz2g

ŹΖēΣҁΑѣĖʩhʖʝm·ƣĢh̝ȝͬΖēǲ͞Ə͖Ūԃ仔 920 Ͽ͂Ҧ͞

big.LITTLE ˋ，[17],ҁΑˋ，Ņ�；ɢǲͬ͞享̀ȻǹȟϰѲȀͬ 4 ： Cortex-A15 Ə͖

ŪmtŅ�ȻǹӿϰҪʁ͐ͬ 4 ： Cortex-A7 Ə͖ŪmȂ̽tŅ�Ź®亿͐vŏʔȻǹ

8 d：gŵ 1-3 ʜŨ͞Ə͖Ūi亿şʔ于ͬßηkˀϵ ISSCC 2014 ǬɊŚ[18]lmŅ�Ȍ

ʖʝͬ͵õ 2005 Ǭǜϻ҂Ø̤�ȐβoőmƏ͖Ūͬi亿òpwéƌ予g 

ʎ七Ҧ͞ŵ 1-2 eŤΑЦíʌ˚mȳϥ��o于ͬ�±pΑɈeʌ˚mҢʎ̎ϙЦ

Ͽ͂uǅõ͓串ˀ串ƕʧ΄ͬѣĖgȶ�ƕ：ˋ，дЩʩÏʜpΑƏ͖Ūˋ，ļǔͬe

于͊ȜmϦwʜЦí¶͞Ƌͬʭψʌ˚gͱĉǡϊʯp�Κ七жxƕ：ό，ǅʎ̎Ź

                                                
1 Ͽ͂ͬĐϨӫάw��Ľí}Ͽ͂ʷ主ͬʄ̻fΙƳȟΧůθmʩĽí}ȶŹͬηϑg·ƣΖēǫņ
ͬηϑȠĐϨН̀ 4W ǝňmʎσƆΠǫņН̀Ͽ͂ʭƗĐϨʜ 50WkĢh̝ȝlg 
2 ：ʅşi亿ͬʅÆƌñÂʅǭwpƳc˘ȱ˸·gҁʜůhϿ͂uӏxƏ͖Ū：oƔm乐ʯÞ�ͬt
ο Cachem�ĸƕΑƔдɪĆŪm�ϪΧΧ乱�g 
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ʶˀϒϕȾǔ[7-11]gҞmhxϒϕѧӒǜϻļǔͬϳ˲mЦíʶˀ 12nmf8nm �őƏ͖

Ūˋ，ͬ二ӱm享НǀƏ͖Ūό，҂Еʋp举ͬÿʋmǭ]ҁp举ÿʋ享НЦíͬiН

二ӱwéʜƣ±ă͞ʩƕͬʣ°έˀɮӿƏ͖ŪͬȟϰmϦʜƣ±ʯʁă͞ҁ�ʣ°έ

ˀɮӿƏ͖ŪͬϰҪʁ͐m¶ȎдЩtŅ�ʯʁă͞ƌđͬʣ°έ҂ЕȾǔg 

 

ŵ 1-3 Ũ͞Ə͖Ūʔҭ亿͐Ӓʔ于ͬĿę 

ʧ΄ǭwʜɛΛͪͬfʎͬ͞ȳϥ̊ʯ¶ͬ͞΄oʧ΄��ʜ̊ʯpͲ¶ͬ͞΄ȳ

ϥ̊ʯŹˇ些亿͐vǜ³ͬ΄[8]gŹ̤�ȐβǜϻoĉmϿ͂etƫŹʧ΄kȳϥń

ʧҗ久lg·ƣ Cache ǌǕ}ʧҗ久můh Cache eͬʣ°έǫŽϢ丽亿͐҃ǆ} 1%o

Ƴ̹ΗǰȽЕʔ̜̹乱�tȱxʧ΄g 

ʷʇЪhƣˊǳǑŪ�̊ʯΝȟͬÿʋmʧ΄͓юǌwŅҜÖǭ¤串ˀ串cҩg

ҍǲʧ΄ʔ�ͬˋ，ΚƵӇuǌʜɛɃąōҍͬηϑˋ，¶͞ʩƕͬʣ°έŹ̯ѥ

ϰϨξʾͬĉɮvǏŅϰɮӿȟϰȳϥŹ̯ѥȟϰ享̀ͬĉɮvɮӿϰҪʁ͐1gů˱

ʷʇȶ且ͬdЦíʧ΄二ӱeʜɛɃąōҍͬˋ，ҍǲʧ΄ʔ�Ͽ͂个̭͈̹g 

� � � �èi�§��¬³�

¶͞Ƌşʧ΄ͬΚǜ³ǭ亮pǣ仅ӧmϊİxʭǹƤͬƐľ两ͧfoőґ̩КƗ

Ƹɩľ�϶�ƘȱhΚ̻̹gʷǆϼǅɭ҉¶͞Ƌ二ӱfʧ΄Κͬļǔ之Η�ĸ͓

͊g 

ҁҨӷÓˀɨЫpvĐϨƋş¶͞Ƌfʧ΄ΚͬĝĄgǏέĐϨ二ӱ͠ˀǡlm

��tͳǲźɮõxĐϨƋˀ且ʖĐϨ二ӱͬcҩȟg¬ʜĐϨƋx¶͞Ƌfʧ΄Κ

ºҩ̹wŏmĐϨƋͬºҩ̹Ź}Ͽ͂ͬĐϨʯpdʎ̎Ҙ串ͬu些mҁdu些Ņϰʜ

͠}Ͽ͂ʄ̻fΙƳȟfдƐ¸͢ȳϥηϑˋ，ȶíƳͬg¶͞Ƌşʧ΄Κͬºҩ̹

Ź}Ͽ͂ŹĐϨu些ͬ些ĆvmʶˀϿ͂uͬʣ°έwŅϰŏʔÙҕϢ丽gҁǂϷŹϿ

                                                
1 Źʧ΄ʔ�ͲɩӠǀͬ二ӱǲрʜЦíϰϨʁ͐g 
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͂ǜ³ͬ�ȫʔĈmϿ͂uҢõ͓ƗҪͬßʉ̭͢fßʉʔҭȳϥ亚®Ϣ丽亿͐ͬʣ°

έg¶͞Ƌşʧ΄ΚИʖƣˊ°ηό，̊ʯÿʋȟͬΝmҞmˋ，Ǥǅʎ̎ă͞ʋ

ǜϻȶɮ¸ͬƗҪʣ°έ个̭mŏʔϿ͂ͬȟϰɮĠtǅĞ÷ʯ些1gĐϨƋͬɮõ½

¶ƗҪ®ĐϨдЩΚͬõ͓mϦʧ΄ͬɮõǅǂϷηϑˋ，ļ͝ΝȟͬɽĿmʧ΄

Κҩ̹ß̑Źʶˀ 14nmf8nm ǜϻͲą么ą͖͆ˇ些ʔϿ͂ͬˋ，υχ二ӱg 

¶͞Ƌ二ӱŹ 2006 Ǭ͠đǛƗƬŸ乘Ȱ÷˔kUCSDlͬ Michael Taylor ş Steven 

Swanson ʃɣȠόļ͓mǭ} 2010 ǬŹ ASPLOS ¤Юu͠ UCSD ͬ Michael Taylor ʃ

ɣş Steven Swanson ʃɣŰ互˰ǻɮõϦ҂Ø��ͬТσ[5]gŹ 2010 Ǭͬ HotChips ¤

Юu UCSD ǅ¶͞Ƌ二ӱ҂p˲Ȅюźɋюhʧ΄kDark Siliconl[6]2goőŹ 2011 Ǭ

ͬ ISCA ¤ЮumĢͰ人ƗƬͬ Hadi ÷ˉxʧ΄ʔ�[11]mǭǀȂĉ¶ͬ͞i̗ˋ，҂

ЕxǸ˩moőŹpƳΗǴu÷ˉӫ̙xƕ：Ⱦǔʔ�ǅНψόg϶˱¶͞Ƌşʧ΄͓

юȹґ̩К��ȶɩľgŹ 2012 Ǭ ISCA ¤ЮkďʔmUCSD ͬ Michael Taylor ʃɣf

Steven Swansonʃɣş Jack Sampson(͓hƻǛǛΟƗƬĔ͖ʃɣ) pѠυχɄďxӷǒ

Dark Silicon ¤ЮkDaSilgx˱ŏʔmŹ DAC 2012 Ǭͬ¤ЮumUCSD ͬ Michael Taylor

ʃɣȠόxȶʯpø̳Źͬҍǲʧ΄ʔ�ͬˋ，ʌ̎[10]mǭ÷ˉx˷pΑʌ̎Ņϰҙą

ͬɝȴgŹҁ˫¤Юu Michael 乐ɮõx CoDAkCoprocessor-Dominated Architecturel

ͬ˥șmҁΑ CoDA ˋ，ǌʜʷʇΚͬiНǀюg2013 Ǭ UCSD ͬ Michael Taylor

ʃɣş Steven Swanson ʃɣ³h͈ҝϚ久mϚ久õ̓xpʵ IEEE Micro yùmрyù

ҩ̹Ы七xӠŒʧ΄ʔ�ͬΚgoő¶͞Ƌşʧ΄Κȹґ̩ȱh̻̹g�ļИͬʇ

͏ʅҪˀ͵m¶͞Ƌşʧ΄ͬΚ� 2010 Ǭą 2013 Ǭ˷ǬļИͬҩНʇ͏�òΰґ̩

ƌđąĞòΰm҂Ø 2014 ǬļИͬҩНʇ͏uĠąòĞΰ  

Ƞ°ˀ且mͱĉҍǲʧ΄ʔ�ͬˋ，Κʯ�vŭdʌŒ3n1lҔ之ŹϿ͂e产ȱ

y͞җ久o2l¶̣͞΄ͬʌǻ(Dim Silicon)mȾǔ：ʅ¬ʜ亚®乱÷i亿ȳ͢ıo3l

¶͞ʋŪ�ʬ� MOSFETo4l乎«Щάg 

    y͞ęʜͱĉƬʸͤѲhß̑ͬʌ˚gUCSD ͬ Michael Taylor ʃɣ4fSteven 

Swanson ʃɣ5ş Jack Sampson ӬǂͬŰ互》мxҁdʌŒkʷʇ³ϥhрŰ互ȱślg 

UCSD ͬŰ互ӷÓŹ 2010 Ǭͬ ASPLOS ¤ЮuļИxʇ͏[5]mŹҁΰ七ʇeӷ˫

ɮõx¶͞Ƌ二ӱmҁΰ七ʇiН�͖七÷ˉͬХǴƳnǭǼõx¶͞Ƌmoő�Ƶ仍

                                                
1 Intel ʭʋͬϿ͂ǡϊõ͓x Die Źґ̩ĿǆͬѣĖm且ʖâʎ̎ŹĐϨ些Ćvă͞ɵǈƳȍɮ¸ͬÙ
乱ʣ°έˀɮ¸ʩƢͬȟϰg 
2 Dark Silicon ͬŐ上ǭwʜ͠ UCSD ӷ˫ɮõmARM Ûŋͬ CTO Mike Muller Ź ARM Ʌʸ¤Юuɮ
ąxҁdŐ上m¬̊ʯÛǹļИͬʇ͏gĵП http://www.eetimes.com/document.asp?doc_id=1172049m
ß}ʧ΄ҁd上́ʩhсǏͬİŇхĵП Prof. Michael Taylor ͬiӤg 
3 ʷʇǀʧ΄Κͬ÷γx³ϥƔǂǤ Prof. Michael Taylor ΘȐwŏmĴɤx Die ɼϜͬʌŒm̦đx
乎«Щάg 
4 ħƍ͝Ӆ˵h他ʹ͖ǜ Raw Ə͖ŪiНˋ，Ǥg³hʭʓͬŏ，¢：ˋ，Ə͖ŪmRaw ɮõx͙͂ό
，ͬ˥șg 
5 ħƍ͝Ӆ˵hĢͰ人ƗƬ WaveScalar Ə͖ŪiНˋ，Ǥ 
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şǀŨ͞Ə͖ŪͬРƾΧХǴ七ж¶͞Ƌ二ӱͶƵƫŹg七ʇɮõx Conservation-core 

(ʷʇΫΕ C-core)ͬʭ“ˋ，mҁΑy͞ģƏ͖Ū�дЩpǹƤǌҋ̀ʩӿͬϰҪʁ͐g

oőͬ七ʇ[13, 19]ǀ C-core ͬˋ，҂ЕxĠοşɽ҂mđØxp�ʏϰɮӿȟϰĶϰɮ

ӿϰҪʁ͐ͬʌ̎m·ƣҎɕȟĴ̗˾ęΧΧgʇ͏[20]�ωxʋ̓ʷͬ C-core ϵē͝

ȱǜãg 

oőm³h 2010 Ǭ HotChips ¤Ю SoC 乱÷ŧppΰ͠ӿ˔Ʊȱͬ七ʇmUCSD ͬ

七ʇ[6]ǅ¶͞Ƌ二ӱɋюȱʧ΄kDark Siliconlmǭɮõx产ȱ C-core hưĤηϑɲǸ

GreenDroid ͬ“˲Ȫ̎gрӦͱͬőϕǜ³ļИ}七ʇ[4]m�ĸʷʇ³ϥļИͬ七ʇ[3]m

ҁ�七ʇʩhƱʆͬ�ωx GreenDroid ͬȪ̎mǭ]ƌ̦xʩđсƵͬƵ仍ʅɢg˱ Ɣm

ҁ�七ʇ乐“˲�ωx GreenDroid ͬ仍жηϑş̗͂ǜ³gͱĉʭhсφͬ GreenDroid

Ά�Ƶ͓ǜ³ПʷʇΦ�g 

2012 Ǭ DAC ş DaSi uļИͬ七ʇ[10]ӫ̙xʶˀƏ͖ŪͬдЩǅʩđ̑ҩϰҪʁ

͐ϦwʜȟϰͬɮĠgҁΰʇ͏t÷ˉxҍǲʧ΄ʔ�ͬŭd̳ŹΚʌŒmǭ]Ϋĥ

ϗ҉xҁŭdʌŒeȂĉͬΚ͓͊�ĸ亦̹gʩhƱũͬȠόş七҉ĵП Michael ͬ

七ʇ[7-9]gőϕͬß}ʧ΄ͬΚҔǩҢʜ̍ҁŭdʌŒ҂Еmǭ]р七ʇetɮõ

x CoDA ˋ，ͬ˥șg 

ȐѯΚӎͬ Doug Burger ʃɣ1fƦʊǵʙԅ҆也ͬ Karu ʃɣ2�ĸĢͰ人ƗƬ

Hadi Esmaeilzadehk͓h¯̌�͖ǜĔ͖ʃɣlӬǂͬŰ互ŏ˕tɨιxy͞ęʌŒg 

рŰ互͖ͬ七ΚȨîļИ} 2011 Ǭͬ ISCA ¤Юgр七ʇ[11]七жxŹʧ΄ʿ�

vmͱĉͬi̗ƕ：ˋ，ǅůhʎ̎ɮӿȟϰϦĬǅψόgр七ʇǀŌΑwŏͬi̗ƕ

：ˋ，҂ЕxѲhсφͬǸ˩÷ˉmЪhʶˀĆξȟϰɮĠͬiНĳůǌʜʧ΄gрʇ

͏ӫ̙xγ« CPU ͬˋ，m产ȱѡ之 35 d：oőϒϕ产ȱʩƕƏ͖Ū：ηϑȟϰɮĠ

ǅȐpâȐg ˱Ɣmрʇ͏乐ļ͓mҁΑƕ：ŅȾǔͬˋ，��ǀãʯӿǴǭЕȟͬ

яѱk99%�uhǭЕ乱÷lˀ且ȟϰȹŅ�əϕɮĠmϦǀ}ʠҔͬǲ͞ 8nm ǜϻƵ

͓ͬƏ͖Ū��Ņ�˸͓ŹɮĠ 3.7 Âͬȟϰg 

ʇ͏[21, 22]ʜƦʊǵʙԅ҆也 Karu ʃɣɮõͬЦíʌ˚gDySER ŹҔ͞Ə͖Ū̗ͬ

˾σe̦đxʋͬŅҤϟͬĐϰĥÑmǭҔ之ǅϊǩȽЕͬɪĆƑʺ�şǭЕ�ʚ

。ąҤϟ五ûuˀɮӿηϑͬȟϰşϰҪʁ͐g 

Ź 2012 Ǭ 1st DaSi ¤Юuţ§˸�ƗƬͬ Lisa Wu ş Martha A.Kim ļИͬ七ʇ[23]

Ҭǀwŏ̙ͬмΗǰ产҂ЕxφϷͬΗǰ÷ˉmȎõx�vt̹ό七n1lҔ之÷ˉ

SPEC2006 ̙м产mжʖx C-core ş DySER ҁ˕ͬđҕŪǀ}亮ό，ęͬ C �ʜʯ

ʁͬo2lǀ Java ̙мΗǰ产ͬ÷ˉЪhǀ}ҁΑӠŒǀюϚΗтШŅϰӠŒγϦwʜ

                                                
1 ħƍ͝Ӆ˵ŹƦʊǵʙԅ҆也ĵxx SimpleScalar �ͶŪͬǹļmŹȑǛƗƬơʊT÷˔Êʃɣʵ于
Ӭǂx TRIPS Ə͖Ūͬļg 
2 ħƍ͝Ӆ˵ŹȑǛƗƬơʊT÷˔ĵx TRIPS Ə͖ŪͬΚǜ³g 
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ĥ͌öʅͬđҕŪŅϰʩhʯʁo3lЪh͞y͞Ə͖ŪˀƉÒʧ΄mηϑǅН产ȱò

ĞȳϥòͫdđҕŪgр七ʇw¬жʖx C-core ͬʯʁȟmϦ]t�ºӠ七жx CoDA

ΚͬȓНȟgҁtʜʷ七ʇΚō͖ȟş҇øȟͬƆgр七ʇɮõͬЦíʌ˚Ǖ}

y͞җ久ͬЦíʌ˚g 

ǽŎǎ�ƗƬļИͬʇ͏[24]ɨιxʧ΄ʔ�ͬy͞ęΚʌŒgр七ʇǸ˩ǭʻЖ

x¶͞đҕŪşŅҩ，җ久ͬ£ϝ̹g七ʇИʖǀ}ãʯ͖ȪǭЕęͬƕdwŏяѱm

Ņҩ，җ久˸đҕŪãʯʩƢͬϰҪʁ͐gҁʜůhŅҩ，җ久Źƕdwŏǲ͞于ãʯ

Ņҩ͞ȟmǭ]Ņ�ɮ¸ʩƢͬđҕǴg 

ţ§˸�ƗƬşCadenceÛŋpѠΚxʧ΄ʔ�đҕŪͬƫÎŪКâ�Ҕ͞ˋ，

Ə͖Ūȳϥy͞đҕŪÞ�¶ͬ͞二ӱ[25]gрΚtǕ}y͞ęΚʌŒg 

đǛƗƬ̒ʼͿ÷˔ͬƬϥŹʇ͏[26]emҬǀʧ΄ʔ�ƗҪ¶͞đҕŪͬˋ，ɮõ

x£ęͬđҕŪxÞ�ƫÎŪ�乔ʌ˚gрΚŏ˕ɨιxy͞ęΚʌŒg 

̣΄ΚʌŒҔǩ亚®¸͢͢ıǭ亚®Ə͖Ūͬi亿gƻƓ̎ǎ�ƗƬşƽ˭；Ɨ

ƬļИͬʇ͏[27-30]mɨιx̣΄ʌ˚gрΚǆυɮõxpΑѲh͈͌ͬЦíʌ˚m�

�ɨιxяёϿ͂ʄ̻ͬŌΑ！ʈmǭ¶ȎϿ͂Źˌp˵ʔ于ĐϨŅ�ѡ之Ͽ͂ͬĐϨ

ӫάgҁ˵ʔ于ʜ�Ͽ͂么ąͬ˰ǩɹ³̪Ǵu些hψ˯gҦ͞ҁΑʌ̎Ņ�¶ȎϿ͂

ŹƏ͖Ƕ҅ʂȬͬ�ĒʔđȘҕǴmҁ˕ǏέŹͽʔ于ç¤̞ϨƗҪͬϰҪm¬ʜŅ�

¶Ͽ͂ǏȘƱȱ�ĒmǭʩȘ҂Ø¡ͷͬ͊Ȝmȶ�Źʆ°u¤ϼξƗҪͬϰҪ̞Ϩg 

ƽ˭；ƗƬͬ七ʇ[31]ɨιxʧ΄ʔ�̣ͬ΄ʌŒgр七ʇɮõͬЦíʌ˚ʜŹˋ，

e产ȱʩƕͬƏ͖Ū：mҁ�Ə͖Ū：ƣˊ¶͞ʠҔ͢ıʜʎ̎ƱÙ¸ͬ͢oȶ�ͳǲ

źmЦíʌ˚亚®xǜ³͢ıąɩ乎ӀÆ͢ıͬ˾ǫknear threshold voltagelm¶ȎϿ

͂ͬȠĐϨɪĆŹӫάçgoőmhxϖəηϑͬȟϰmǌ享Н¶ΗǰǏŅϰźǭЕę

ˀ¶͞ҁ�ʩƕͬƏ͖Ū：gр七ʇЫ七xҁΑʌ̎ͬ£ϝ̹g 

͋�ǛΟƗƬͬʧ΄ʔ�ΚŰ互Źʇ͏[32, 33]eɮõxƕ：ɑȺuŏ，ĐϨȟϰ

Ǻ，ͬ°ηό，kTopologically Homogeneous Power-Performance Heterogeneous, THPHlg

ҁΑƕ：ˋ，ʜ͠p�°ηό，ХǴͳŏͬƏ͖Ū：υȱm¬ʜ˷pd：Ҭǀwŏͬ͢

ı-亿͐kvoltage-frequencylυō҂Е£ęgҁ˕Ȃ�Ē享НѲӿͬȟϰʔmŅ�义Ζ

ąӿ͢ıӿ亿͐ͬƏ͖Ū：uȽЕoxoͳĻmƣˊ�Ēw享НѲӿȟϰmŅ�义Ζą

Ѳ®͢ı®亿͐ͬƏ͖Ū：uȽЕmҁ˕ǌŅ�ϼʹƗҪͬϰҪgҁdΚʜЦí Dark 

Silicon ̣ͬ΄ʌ˚g 

ʋŪ�ͬΚʜʭʎ̎ӫ̙ͬgƻǛǛΟƗƬͬƬϥ》мxΚʋŪ�gʇ͏[34]

》мǅӕҚŻʁǲέktunnel field-effect transistors, TFETlǼØƏ͖Ūҗ久egx

MOSFET ͳ˸ TFET ͬӀÆ͢ıʩ®mǭ]Ņ�ϼʹƗҪͬϰҪg¬ʜŹӿ͢ı͊Ȝ

TFET ͬҕǴ˸ MOSFET ȯgҁΰ七ʇɮõxŹƕ：дЩeŏʔĘŕ MOSFET ǜϻƵ
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͓ͬƏ͖Ū：ş TFET ǜϻƵ͓ͬƏ͖Ū：g 

乎«ЩάtѲhʋ什mрΚʌŒͬiНȪ̎ʜŹ��享Н乎«ЦͬʔÄ��Щά

õ乎«ЦϦwʜζ·Цˀ亚®ϰҪ̞Ϩgʇ͏[35-38]ʜȐѯΚӎşĢͰ人ƗƬɮõͬЦ

íʧ΄ͬ乎«Щάʌ˚g乎«Щάkapproximate computingltŹ 2012 ǬК ITRS ûØ

x®ĐϨдЩɅʸѩσŵmҁΑɅʸʜ且Źʯ�Щά��享Н乎«Цȳϥ̯ѥƆʷ享̀

ͬȨîvmŅ�ǅζǴȳϥ˰·ȟ亚®mҁ˕ǌŅ�ϼʹƗҪͬϰϨgҍō乎«Щάͬ

ǲ͞ĘɖТФ[39]�ĸʹŪƬu[37]ΧΧgŹηϑˋ，u乎«Щά享НϚΗ˩ƃfϚ下Ūf

Ə͖Ūˋ，ş͢ѩΧƕdǑ˫ͬɻəg 

â�p�Κ乐Ęɖn 

ƻǛǛΟƗƬşĚ�ƗƬpѠǔǹxŹʧ΄ʔ�ͬ͂uϞϏΚ[40]gʋĦƦǈƍƗ

Ƭk̴Ɨă�lşĩǈʊԁį͖ǜƬӎkȑŴlͬƬϥtÞŏΚxʧ΄ʔ�ͬӿϰҪ

ʁ͐͂uϞϏ[41]g 

ĩǈʊԁį͖ǜƬӎkȑŴlf̮ҮĪƗƬkđɘƗlşĩϧƆ˟ӑƗƬͬƬϥŹ

ʇ͏[42]eɮõxЦíʧ΄ʔ�Ͽ̻͂ҪfŅӟȟ�ĸǀǜϻĿęƹȔͬpηûʌ˚g 

ŵǈǱƗƬkϾÝlͬ ƬϥŹʇ͏[43]eΚxŹʧ΄ʔ�Ɔ}͂uϞϏͬ¢：ˋ，

Ə͖ŪͬŹσ̙м业Ǵά̎g 

ʋđƀŴΟƗƬΚxŹʧ΄ʔ�big.LITTLE亮ǀΕƕ：ˋ，ͬĐϨέ͖二ӱ[44]g 

Ŵç°ηό，ΚpͲӬÓͬŴӃΒƗtŹǾʛÑʃɣͬǦӬvǔǹxʧ΄ʔ�

ȐƏ͖ŪдЩͬΚg 

˱Ɣmʶˀˋ，¶ͬ͞ҍǲʧ΄ͬɅʸŅϰ¤υō¶͞ҁ 4 dʌŒͬΚȱˊg·

ƣǅŏʔĘŕy͞җ久fwŏĐϨ-ȟϰ£ęͬҔ͞Ə͖Ū：�ĸwŏŪ�Ƶ͓ͬҗ久

ΧΧg 

�γƗϲ³hʧҗ久˸·ʭӿͬЩάˋ，opmɮ¸xpΑЩάʹ°ηό，ӴОȟ

ÿʋͬʋʌŒ[8]g�ƘͬЩάʹ�̽ʎ̎ƱȱȌƕ�γƗϲŅ�Ə͖ͬ�ĒmǋâʜТ

Фͳßͬǜ³gƗϲãʯ 800 �dϊÑş 100 s�dΝЧmǭŹ®} 100 ˺͙ͬĐϨ

vǜ³gƗϲжʖxӿǴǭЕfŅӟşƫŹƗҪʧҗ久ͬό，ʜƫŹͬmǭ]Ɨϲ乐ř

͓x®ɹ³亿͐(Dim)my͞ęşʋŪ�͈̹ͬmҁ�Ңx͓Źʧ΄ͬΚγ«gxƏ

͖Ūͳ˸ϊÑͬɹ³亿͈͐Ą®mʭȘͬȨîvt��Ņ�么ą 1KHzgǏέϊÑ

şʣ°έãʯʷ两ͬǕȟĝĄm͞΄˩ɓͬϊÑŹÊЩάʔ¤Ǧˀ之ƗͬdЦˉeǹ

Ҳm¬ʜƗϲŅ�³hʧ΄ʔ�ˋ，ͬĵϤgƗϲɮ¸xpΑҩʋдЩηϑˀ̯ѥʧ΄

ʔ�ȶ享ͬˇ®ɹ³亿͐şˇ®ǜ³͢ı̤ͬØf予҃ͬΚʌŒg 

� � �B�� ¬³e9�

� � � �B�� ���

CoDA(Coprocessor-Dominated Architecture)ʜʭ乎͠ UCSD GreenDroid Ű互ͬ Prof. 
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Michael Taylor ɮõͬҍǲʧ΄ʔ�Ͽ͂个̭͈̹ͬʋƃˋ，gрˋ，ͬƆʷȪ̎ʜǅ

ѯ�eͬǩ͞öʅfÞ�ǱfΗǰƆʷſΧΗǰ˵Ά�ęȱy͞ģƏ͖Ūmǭ产ȱąϿ

͂ˋ，egˇ些Ȩîʜhȶʯǲ͞яѱͬ˷pdΗǰ˵дЩpdy͞ģƏ͖Ūgҁ˕˷

ȂΗǰȽЕąҁ�Ά�ęͬöʅşƆʷſʔmΗǰǌ为丽ąͳǲͬy͞ģƏ͖ŪuȽЕg

hxǅĐϨɪĆŹӫάçǭʭƗ些ǴźɮӿϰҪʁ͐m͖ ȪȨîv CoDA ��h˰ŹЩ

άͬƏ͖Ū：¸͢mâ�Χȋͬҗ久Ù乱ʉ͢gҁ˕ӒΗǰͬȽЕmΗǰ¶ͬ͞pη

ûy͞ģƏ͖Ū：К¹˫̹�éß事kҺ̺lg 

CoDA ˋ，x�γƗϲtʯͳ«oƏgӷÓʜy͞ęm�ϲe͠ϊÑυȱͬwŏ

ĝƄʯwŏͬĐϰgʯͬãʯwŏͬЪͼĐϰfʯͬ乔ɩwŏͬȬФŪƲmǭÐвҩ，m

Ӓʔ于ͬɫΖΝЧ乔ɩ乐Ņ�ӠŒЩά҂ЕƳĆgCoDA e˷pdy͞ģƏ͖ŪҢʜ

pdʣ°έ产ōǭŅ�Ʊȱ͈ƳͬĐϰg 

â˫ʜɹ³亿͐®m�ϲeͬϊÑʭƗ dͬǜ³亿͐eh˷Γҭ 1000 ˫gŹ CoDA

ˋ，eɹ³δǴ�ɛ�Ŀhy͞ģƏ͖Ūmů˱¤ƗƗ亚®Щάҗ久ͬɹ³亿͐gŹ

CoDA eˌpd͈Ƴͬy͞ģƏ͖Ū��Źǲ͞ȽЕąǀǲöʅʔȹǜ³g 

ΦtʜŃʯǇ乱÷җ久d¸͢emƗϲeͬϊÑŹŏpʔĈ��ŃʯǇ乱÷ǜ³

Ϧâ�Ɨ乱÷ϊÑҢʜdʧҗ久egŹ CoDA e͠}ɹ³δǴʜy͞ģƏ͖Ūmŏp

ʔĈtŃʯòdy͞ģƏ͖Ūǜ³mâ�Ɨ乱÷ͬy͞ģƏ͖ŪҢƏ}ßʉͬ͊Ȝg 

ͱĉʷŰ互ƵӇΚͬ CoDA ˋ，Ɨ°ɜ̾uӠͬȪ̎дЩg̀ ，ew¬ʯҔ͞Ə

͖Ūm乐ʯƗҪӠŒǲ͞яѱͬy͞ģƏ͖Ūmǭ]ˋ，ey͞ģƏ͖ŪͬʅҪ҃҃ѡ

之Ҕ͞Ə͖ŪͬʅҪgŹƵӇͬ CoDA ˋ，emΗǰŹҔ͞Ə͖Ūşy͞Ə͖Ūo于为

丽ȽЕm为丽之ΗƆ}Ȃĉ�ĒѽЕŹŤΑƏ͖ŪuŅ�ЉȎʩӿͬϰҪʁ͐gŏʔȂ

ĉ̊ʯ¶ͬ͞Ū�҂Ø̤Ǵͬ®ĐϨ˩ǻgŹ 22nm ȳϥʩÓ҂ͬǜϻvmϿ͂ͬʧ΄

ӠΔǅɮ¸ѥƖͬʣ°έ个̭ˀ，Ǹ CoDAmҁ˕ͬ CoDA ˋ，Ņ�Ęŕȱͫuğͬy

͞ģƏ͖Ūg!

ƗҪ产ȱy͞ģƏ͖Ū¶Ȏ CoDA дЩĬ¶ӠǀƗС˩яѱtŅ�¿жΗǰͬƗ乱

÷ѽЕŹy͞ģƏ͖ŪumǭҔ之wʉ产ȱʩƕy͞ģƏ͖Ūͬʌǻɮӿy͞ģƏ͖Ū

uͬ�ȽЕОͯ͐gy͞ģƏ͖Ūͬ�Оͯ͐串ӿmяѱŹ CoDA ˋ，uѽЕͬÙ

ǐϰҪʁ͐ǌ串ӿg 

CoDA ˋ，ͬɮõƆ}�vp�{ƵgӷÓmӒʧ΄ʔ�ͬąˀmϿ͂uõ͓x

串ˀ串ƕͬʎ̎ŏʔ¸ͬ͢ʣ°έmҁǌÏ�ϲeƫŹƗҪͬϊÑgҁ�ʣ°έ¶

CoDA ˋ，ʯѥƖͬ个̭ˀy͞ęȶʯ享НȽЕͬΗǰ˵mǭҔ之ҁΑy͞ęÙ乱Đϰ

ͬʌǻ¶ηϑҔ͞ęgҁx�ϲγ«mʆ°u͵�ϲŅ�Ə͖ȶʯÀȢkҔ͞lm¬ʜ

˷pΑÀȢҢʜ͈ƳĝƄˀƏ͖ͬky͞lg 

â˫mǺ，şy͞ęãʯӿϰҪʁ͐Ņ�ʯʁͬҍǲʧ΄ʔ�gCoDA ʌ˚ǌʜă
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͞ҁ�ʧ΄ˀƵ͓pηûͬy͞ģƏ͖Ūmҁ�ģƏ͖ŪŅ�˸Ҕ͞Ə͖ŪҕǴʩȘ[45]m

tŅ�˸Ҕ͞Ə͖ŪͬϰҪʁ͐ʩӿk10-1000 Âl[5]gʭ乎ͬΚǡϊɮõ¶͞ҁ�

ʧ΄ˀ，Ǹy͞ģƏ͖Ūm˷ pdy͞ģƏ͖ŪҢ˸Ҕ͞Ə͖Ū亚® 10Â�uͬϰϨ[6,!

12]g˱Ɣy͞ģƏ͖ŪǀȟϰşĐϨͬ£ęşʻЖΛ于˸Ҕ͞Ə͖ŪʩƗg 

ΦtmӒЩάʹϚΗɅʸͬļǔmǲ͞ѯ�ͬϚëȈȈƆ}pηûͬÞ�Ǳöʅm

ηϑѯ�ͬϚët享Н业͞pηûͬηϑ业͞öʅgҁǌ¶ȎϿ͂ˋ，ǤŅ�ӠŒҁ�

Þ�ǱöʅşηϑöʅдЩöʅδǴͬy͞ģƏ͖ŪmǭŹѯ�业͞ҁ�Þ��ʔ为

丽ąy͞ģƏ͖ŪuȽЕgҔ之ҁ˕ͬʌǻmǌŅ�͞ҍǴͬΆ���ˀȘҕɮӿy͞

ģƏ͖Ūǀǲ͞яѱѽЕʔͬēȜОͯm҂ϦɮӿηϑͬϰҪʁ͐g 

    y͞ģƏ͖ŪͬΚ͠ˀǡlmòpʜªӒҔ͞Ə͖ŪͬļǔϦļǔgʓʵͬy

͞ģƏ͖ŪҢʜ³hđҕŪϦõ͓ͬm·ƣ̜̹ģƏ͖Ūooőǌõ͓xƏ͖ǭЕɛ�

ȳϥʅɢͬđҕŪo乎Ǭˀm͠}Ͽ͂дЩҙą串ˀ串cҩͬʧ΄͓юmˋ，ǤĶƗС

˩¶͞y͞ģƏ͖Ūˀҍǲʧ΄ʔ�g 

 

ŵ 1-4�`Ͻ 	XW ®ĐϨǲ͞Ə͖Ūˋ，�
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ŵ 1-4 ʜ`ϽŹ 2011 ǬļͬΖēǲ͞Ə͖Ū[46]mƮ产ȱxƗҪͬy͞ģƏ͖Ūg

ҁ�y͞ģƏ͖ŪҢʜhˌ�͈Ƴǲ͞ϦдЩͬmȂѽЕҁ�͈Ƴǲ͞ʔxҔ͞Ə͖Ū

ͳ˸w¬ȟϰuŅ�ƗǪɮӿmϦ]ϰҪʁ͐tŅ�ƗǪɮӿg 

Б͖̽七u CoDA ˋ，Ņ�ʯʁă͞ʧ΄m¬ʜƗС˩Œ CoDA ˋ，e产ȱy͞ģ

Ə͖Ū乐ʯ�vòd̳Ź二ӱn  

1lѯ�xΆ�ɩŀͬú÷gѯΆ�ͬɩŀƵӇǌʜѯ�ǜΗǤxΆ�дЩǤo于

ͬpΑξƳmŃНқƯҁdξƳѯ�ǜΗǤϚëͬѯ�ǌŅ�˰·źŹΆ�дЩǤдЩ

ͬ͢ѩu˰·ѽЕgʖ·ͬʜŹҔ͞Ə͖Ūemѯ�şΆ�ͬɩŀǌʜɛ�产g¬ʜȂ

ηϑeõ͓串ˀ串ƕͬwŏĮŨдЩͬy͞ģƏ͖Ūőmϑpy͞ģƏ͖ŪͬѯΆ�ɩ

ŀǅĿȎǋhҩНgƣˊɩŀú÷wʖ·ǌ¤ǂϷbʌӠͬ二ӱnӷÓmhy͞ģƏ͖

ŪдЩͬϚΗтШŅϰʎ̎ŹͳŏĐϰͬy͞ģƏ͖Ūo于æƹm·ƣ CUDA тШʎ

̎æƹ AMD ş Nvidia ͬ GPUoâ˫mѯ�ǜΗǤϚëȳϥΖˢΗǰąy͞ģƏ͖Ū

uǅĿͬѲhƑʺm·ƣŹ CELL Ə͖ŪuϚΗg 

2lǹļy͞ģƏ͖Ūʜ亮ǩƑʺşμ͗ͬǜ³m享НƗҪǜΗǤͬ�ĎɇØ�ĸ

ƗҪ个ҫɻəgxҦ͞ƑĆͬʌǻǹļҔ͞ƕ：f¢：Ə͖ŪwŏmҔǩϿ͂u产ȱͬ

˷pdy͞ģƏ͖ŪҢŅ�ʜǺ，ͬfãʯwŏͬĐϰgҁǌ享НǜΗǤĥ͌дЩ˷p

dy͞ģƏ͖Ūg 

3lƗ乱÷ǩПͬđҕŪҢʜҬǀˌγ͈ƳźǭЕΗǰϦдЩͬgx七жΗǰđҕ

ͬ Amdahl Ƴȍ[47]γ«mƣˊ��ǭЕΗǰŅ�ЉȎѲӿͬϰҪʁ͐mϦfЕΗǰ乐ʜ

ѽЕŹҔ͞Ə͖ŪumʆdηϑͬϰҪʁ͐ɮĠǅ亮ǩʯ些g 

³ϥȶŹͬ UCSD GreenDroid Ű互Źʇ͏[5, 13]eɮõͬ Conservation CoreskC-corel

ϵēy͞ģƏ͖Ū͝ȱɅʸƆʷuŅ�ЦíΗǰy͞ęʔõ͓ͬu҉tʌӠ二ӱmҁd

Ʌʸtʜ CoDA ˋ，ɮõͬǜΗƆg 

ӷÓmy͞ģƏ͖Ūͬϵē͝ȱͲɩЦíxΦ|d二ӱgБ̽ϵē͝ȱͬy͞ģƏ

͖ŪŹȟϰȳϥĐϨʌӠ˸ǜΗǤȸǜ£ęͬy͞ģƏ͖ŪНǟm¬ʜxҔ͞Ə͖Ūͳ

˸�̽Ņ�ЉȎĞòÂͬϰҪʁ͐£ęg˱ƔmǜΗǤŅ�wʉ£ęϵē͝ȱǜãұˀ

͝ȱ串ˀ串Ƣͬy͞ģƏ͖ŪmҁǅɎ乎ϵē͝ȱ͢ѩxȸǜ£ę͢ѩo于ͬȟϰ�ĸ

ĐϨǟѦg 

â˫mC-core æƹxѯ�҂ЕΗǰ业ͬ͞ːð|҂Ćɩŀ ABImҁ¶ȎҔ͞Ə͖Ū

uѽЕͬΗǰŅ�Ï业͞öʅp˕业͞ C-coremǭ¶ΗǰͬȽЕ͠Ҕ͞Ə͖Ū为丽ąy

͞ģƏ͖Ūg¶͞öʅδǴͬy͞ģƏ͖Ū C-core ǭw享НǀΗǰ̭�҂ЕÁɽmǀ

Ηǰśˀ且ʜ习ʖͬgҁ˕wŏĮŨдЩͬy͞ģƏ͖ŪǌʯxŅ�қƯͬѯΆ�ξƳ

ǭʌ¼xѯ�ͬΖˢg 

Φtmϵē͝ȱͬ C-core ʜӠŒfЕΗǰдЩͬgҁ˕Źηϑe产ȱ¦ϑđҕŪ�
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ĸ C-core őmΗǰͬǭЕ乱÷Ņ�Ź¦ϑǭЕđҕŪuȽЕmϦfЕ乱÷Ņ�Ź C-core

uȽЕmҁ˕ǅƗƗɮĠy͞ģƏ͖ŪȽЕΗǰͬ�Оͯ͐ǭɮӿʆdηϑͬϰҪʁ

͐g 

C-core ϵē͝ȱɅʸʜ CoDA ˋ，Ƶ͓ͬǜΗƆgҦ͞ϵē͝ȱͬʌǻǌŅ�Ź

Ņɩľͬʔ于ç͝ȱƗҪy͞ģƏ͖Ūǭ¶͞Ʈ�Оͯǲ͞Ɨ乱÷ͬȽЕgҁ˕ȹϰ¶

ȎηϑͬϰҪʁ͐ʖʝɮĠg 

C-core ɅʸļoőmʷŰ互Ķ҂Еx GreenDroid ӦͱͬΚǜ³gGreenDroid

ЦíxŤ�ѯ�享НКΆ�y͞ęǭɮõxǅ C-core 产ȱąҔ͞ˋ，ͬΫĥʌ̎g˱ Ɣm

GreenDroid 乐÷ˉxӠŒĥdǲ͞Ηǰy͞ęmŅ�ЉȎͬϰҪʁ͐ɮĠg϶˱mʷŰ

互Ʊʆź七жx CoDA ŹǜΗƵ͓uͬŅЕȟ�ĸŅ�ЉȎͬϰҪʁ͐£Ėmoőɮõ

x CoDA ˋ，g 

ӏxʷŰ互ͬΚoƔmǜ_ͤͬġǂ°ļǔѩσŵ ITRSŹ2012ǬǅDark Silicon1

�ĸ CoDA ûØxß}®ĐϨдЩɅʸѩσŵek2013 ǬļǢlmПŵ 1-52głƔʷŰ

互 CoDA ˋ，ͬΚtľąϠŴŴӃ乱Ó҂ΚЩúǐ(DARPA)Ҕ之vǕʶˀˋ，

ΚeȒ(Center for Future Architectures Research, C-FAR)ώyΚϊїɻəg 

 

ŵ 1-5�ITRS ǅ CoDA ûØʋͬ®ĐϨдЩɅʸѩσŵ[15]  

� � � �Ýö§|@�

ĉӠͬǜ³жʖŹĥdǲͬ͞ηϑȳѲǆяѱͬηϑe¶͞y͞ģƏ͖ŪŅ�Ǧ

ˀʩƢͬϰҪʁ͐g¬ʜǩПͬηϑuҔǩѽЕƗҪwŏͬяѱmCoDA ˋ，t享Н

ɮӿҁγƑʺǲ͒͞ƊvηϑͬϰҪʁ͐mtǌʜ且ˋ，Ǥ享НhòĞȳuͫdwŏǲ

                                                
1 ITRS ŹҁdɊŚe͞ Dark Silicon ˀИΉpγ¶͞ power off Ʌʸ¶Ȏ΄ȱhʧҗ久ͬɅʸg 
2 ITRS 2012 Ǭͬӫ̙ɊŚʜŹ 2013 ǬļИm͠} 2013 Ǭͬӫ̙ɊŚŹʷ七ʇɸëʔ乐̊ƱÙʆ͖ļ
Иmȶ� 2012 ͬɊŚhͱĉŅПͬʭʋӫ̙ɊŚg
http://www.itrs.net/Links/2012Winter/1205%20Presentation/DesignSD_12052012.pdf 
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͞яѱдЩy͞ģƏ͖Ūmǭǅҁ�y͞ģƏ͖Ū产ȱą CoDAˋ，gҁ¶ CoDA ˋ，

Ӡgp�͖七şǜΗʌӠͬɝȴgҁ�ɝȴˀϵ}wʉŒ CoDA ˋ，e产ȱʩƕͬy͞

ģƏ͖ŪȶǦˀͬvû二ӱg 

ӷÓmӒ CoDA ˋ，С˩ȾƗm产ȱƗҪy͞ģƏ͖ŪȶǦˀͬϰҪǹҲtӒo

ƌđmҁ�ǹҲœŬx CoDA ȶǦˀ̳ͬŹϰҪ£ęgǏέxҔ͞Ə͖Ūͳ˸m˷pd

ĥ͌ͬy͞ģƏ͖ŪҢŅ�ǦˀȟϰȳϰҪ£ęm¬ʜ产ȱƗҪy͞ģƏ͖Ūąpdˋ

，e¤¶͂u�乔ʩhƑʺmŏʔt享Н¶͞ʩhƑʺͬƫÎηϑg!

â˫mǏέx¦ϑдЩͳ˸mCoDA ˋ，eŹ�ȫʔĈϿ͂uƗ乱÷ʣ°έ¤Ə}

Λҽ͊Ȝk·ƣn争ɪ͊Ȝlm¬ʜ͠}Ͽ͂С˩ѲƗmҁ�Λҽͬʣ°έȶǦˀ̱ͬ

͢ĐϨt¤ώдЩǦˀȌƗ二ӱg!

Φtmƌđy͞ģƏ͖ŪͬʅҪ¤ƌđΗǰŹ��o于为丽ͬ亿͐fƌđ为丽ǹҲ

k�乔ʩƑʺmǶʔ¤ƌđlǭ¤ȅŢ Cache ͬȟϰgƣˊдЩϥ̊ʯ�φǀҁ�ůθ

҂ЕʻЖmҁ�ʎͬ͞ǹҲ¤œŬƗҪ¶͞y͞ģƏ͖ŪȶǦˀͬϰϨȳȟϰ£Ėg!

ΦŭmӒ产ȱy͞ģƏ͖ŪʅҪͬƌƕmȸǜ产ȱҁ�Ə͖Ūw¬ϨʔϦ]ƹʗ

õҴołƔm͠} C/coreeƗ乱÷͢ѩҢʜľąƕʔҭŜʵѩȊξʾmҁΑ͢ѩʜŔŅ

�͓͞ʯ EDAǜãƵ͓ǭ]˰·ѽЕҢ享НǜΗƵ͓ɨιg!

u҉ҁ�ɝȴͬƵ两二ӱʜ享НɨιЦí CoDA ˋ，ͬŅȾǔȟ二ӱmр二ӱʜ

CoDAˋ，ͬ：Ȓ二ӱgCoDAˋ，ͬŅȾǔȟ二ӱĘɖ�vòdʌӠn!

1lCoDA ȶɻəǲͬ͞ŅȾǔȟg͠} CoDA ˋ，e产ȱͬҢʜy͞ģƏ͖Ūm˷

pdy͞ģƏ͖ŪҢʜӠŒ͈Ƴǲ͞͝ȱͬgů˱ҁΑˋ，ʜŔҍ͞}Ȃ�ͬǲ͞Ηǰ

ʜpdÆȎΚͬ二ӱgŃʯȂ CoDA ˋ，Ņ�ҍ͞}ƗС˩fƕ˕ͬǲ͞ΗǰmƮȹ

ÆȎКΚgɻəǲͬ͞ŅȾǔȟ°͓Ź CoDAǀƗС˩ǲͬ͞ҍ͞ȟug˱ƔmCoDA

ˋ，享НǏҪϖəϚΗ˩ƃˀΫęǲ͞ΗǰΖˢgʷʇΦ|Κҁd二ӱg!

2lCoDA ˋ，ͬŅȾǔȟgůh CoDA ǅН产ȱȱͫuğͬy͞ģƏ͖Ūmҁǌ享

Н CoDAΆ�ãʯŅȾǔͬˋ，g͠ }ǲ͞яѱƕΑƕ˕mř͓wŏ͈ȉmҁН̀ CoDA

ˋ，ͬȾǔŅ�ŹwŏϖǴuҍǲǲ͞яѱmů˱ CoDA Ά�ˋ，НãʯƕdϖǴͬŅ

Ⱦǔȟg˱Ɣmhxҍǲʧ΄ʔ�mCoDA ˋ，乐享ɻəƕΑĐϨέ͖Ʌʸǭ]ˋ，f

ĐϨέ͖ɅʸşΗǰȽЕΩͦНκƽόōgʷʇΦtЦíҁd二ӱg!

3lCoDAϰҪʁ͐ХǴͬŅȾǔȟmҁʜ CoDAˋ，ŅȾǔȟΚͬ：Ȓ二ӱgCoDA

ͬɮõǌʜhxҋ̀ӿϰҪʁ͐gŹ�乔fƫÎş̱͢ĐϨΧǹҲͬȅŢvmƗС˩

CoDAˋ，ͬϰҪʁ͐xҔ͞ˋ，ͳ˸ʜŔ乐Ņ�ȱÂɮĠmʜßη CoDAдЩʜŔŅȾ

ǔͬ：Ȓ二ӱgŃʯƗС˩ CoDAãʯӿϰҪʁ͐mCoDAˋ，Ⱦǔȹʜʯʁͬmȹϰж

ʖ CoDAҍǲʧ΄ʔ�Ͽ͈̹͂gҁʜʷʇΦŭдЩΛ于ɨιͬҩ̹g!

4lCoDAǜΗƵ͓ХǴͬŅȾǔȟg΄ʜˠ仍ό，дЩͬŧpːð[48]mǀ}ʋɮõ
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ͬˋ，享Нʩđ东Ȯghxжʖȶɮͬ GreenDroid/CoDA ˋ，Ņ�¶͓͞ʯǹļǜãf

ϳʷşǜϻƵ͓m享Н҂Е FPGA ηϑĳƃдЩƵ͓�ĸ̗͂ǜ³gŃʯŅ�ǜΗƵ͓

ͬʋˋ，ȹʜʯ�ÆͬgʷʇΦ��ω CoDAǜΗƵ͓ʌӠͬǜ³g!

˱Ɣ CoDA ˋ，t¤Ǧˀy͞ģƏ͖Ūǀǲ͞яѱēȜȽЕОͯ͐�ĸ¶͞˩ƃʌ

Ӡͬ二ӱg¦ϑͬy͞ģƏ͖Ū��ɻəp乱÷ßҵͬǲ͞k·ƣnТ亿ЦfđƽЦ

ƽlmϦŹ CoDA ˋ，eòpȶʯͬǲ͞Ң享Н¶͞y͞ģƏ͖ŪmǭļȽЕͬƕdǲ

͞Ņϰ¤ŏʔ¶͞ƕdy͞ģƏ͖Ūgƣˊǲ͞ΗǰΡz¶͞ˌ�͈Ƴͬy͞ģƏ͖Ūm

Ρzƚ丢ͬσΗНmΧȋͲąy͞ģƏ͖ŪΛҽНmѿŮąҔ͞Ə͖ŪuȽЕmҁ˕ȟ

ϰş/ȳϰҪʁ͐ǅľąȅŢgǀ}ƕσΗяѱmҁ�ìΝ¤ʝЌź亚® CoDA ͬʁ͐g

ҁΑȅŢąǳʯƕƗmʜŔŅ�ϙЦt享Н҂p˲�φͬΚg!

â�p�享НЫ七ͬ二ӱ乐ĘɖnalƗС˩ͬ CoDAдЩ͠}¤¶͞ʩƕͬʣ°έm

ҁ˕ʜŔ¤ǀϿ͂đǜͬϹ͐�͝ȅŢoblƗС˩ͬ CoDAˋ，Źǲ͞яѱȽЕʔmx

Ҕ͞ˋ，ͳ˸ʜŔǀ͂ƔеƫǦƺ�͝ʩƗͬıĎo! !

� � ���§e9oC���

ʷʇͬiНǜ³ʜ³ϥ³hМĚǜ_ƗƬş UCSD ϪōƅåħƍΚ͝Ź UCSD 

GreenDroid Ӧͱυş Dark Silicon ΚeȒǜ³tǬƱȱgŹ C-core ş GreenDroid Цí

xӠŒĥdǲ͞ʔ¶͞y͞ģƏ͖ŪŅ�ǦˀʅÂͬϰҪʁ͐£ęoőm̫ ʇɨιxӠ

ŒƗС˩ǲ͞产ȱȱͫuğy͞ģƏ͖Ūͬ CoDA ˋ，ʜŔŅȾǔǭãʯѲӿϰҪʁ

͐ͬ二ӱgӏxΚǜ³m³ϥ³h UCSD GreenDroid ӦͱηϑдЩяё�mӬǂx

GreenDroid/CoDA FPGA ĳƃηϑͬΆ�дЩfϚëx Linux 介ēfÁɽǭҩʋϚ下x

ɹ³ηϑf£ęx乱÷ C-core Ά�ό，ǭh 2 ˬǅН̗͂ͬϿ͂ðƐ RTL ��ĸƱ

ȱ 45nm ĉΣдЩş仍жǜ³g ³ϥŹМĚǜ_ƗƬƬuʵ于³hiНˋ，ǤдЩxƆ

}εδǴŅҩ，五ûͬ¢：ˋ，̗Ə͖Ūm³ϥ͌ΟдЩǭƵ͓xрƏ͖Ūѯ�έ͖ͬ

ƫÎηϑǭϚëxέ͖ƫÎŪͬǲ͞Ηǰ API ɩŀǜãĘg̫ ʇόō³ϥħƍΚ͝Ӆ

˵ƱȱͬƵӇǜ³miНΚşǜΗǜ³Ęɖ�vòdʌӠg 

k1lɻə̗ϚΗ˩ƃͬ S-core ģƏ͖ŪgŹʷʇ�ωͬ C-core ɻəΗǰeͬ亮С

ýǲ͞oőmǀ}Ηǰeãʯ̗͈ȉ͈ͬƳĐϰöʅfʅɢǭЕͬСý乱÷ɮõx S-core

̗Ə͖ŪgS-coreͬƫÎηϑдЩĵϤxʊƁΌƗƬ ImagineƏ͖ŪşŴӃΒƗͬMASA

Ə͖Ūm³ϥǀȐό，҂ЕxдЩşƵ͓oS-coreͬЩά乱÷¶͞xεδǴŅҩ，五ûm

Ҕ之ҩ，ɻə͈ƳĐϰg˱ƔmhxΫęΗǰśϚΗm³ϥhѯ�έ͖ͬƫÎŪдЩx

介ēǜãĘmǭ、Лxpηû͞}͡хfҧɿf¦Ѷf÷ɍōǭ̗ʅɢͬ API öʅg 

k2l�̚УŪh·Κx CoDA ǀǲ͞Ηǰͬҍ͞ȟgŹŰ互â�ȱś÷ˉxư

Ĥηϑoőm�̚УŪ³h͈·҂p˲сφ÷ˉxưĤǲ͞ΗǰͬȽЕgҩ̹÷ˉx̚

УŪе二ϞΠʔȽЕͬӝȜɛ�ʅҪfσΗȨîf�Þ��ĸöʅ业͞ßηΧΧÀȢg
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¶͞ҁ�ÀȢ�ĸ GreenDroid Ӧͱĉʵǀy͞ģƏ͖ŪӠΔͬ万©όˊm©άxОͯ

90%̚УŪȽЕȶ享y͞ģƏ͖ŪͬӠΔ�ĸʅҪmǭ]ҁ�Ά�ęͬ�Ɨ乱÷Ңʜ

Кâ�ǲ͞ȶÞ�ͬg 

k3lǸΟx CoDA ˋ，÷ˉ万©˩ƃgʷʇŹŰ互â�ȱśǸΟͬʔǰζ·ͬĐ

ϰ�ͶŪͬƆum҂p˲ǸΟx CoDA ˋ，ͬ万©˩ƃgр˩ƃŅ�÷ˉ͈Ƴ CoDA

дЩͬӠΔfȟϰşϰϨg÷ˉ万©˩ƃeȶǸ˩ͬ CoDA ˋ，ŹΆ�ό，uãʯƕϖ

ǴŅȾǔ͈̹ͬmǭɻəƕΑϰϨέ͖ɅʸgϰϨέ͖Ʌʸfˋ，şΗǰ业ǴκƽҤō

ʜ CoDA ˋ，ͬдЩН̹g÷ˉ万©˩ƃeͬдЩΛ于ĵʅĘɖp�ӥǑͬˋ，ĵʅm

·ƣ͙͂ͬӠΔfCache ͬҤϟΧo乐Ęɖp�Ƶ͓ʌӠͬĵʅm·ƣҎĽͬʣ°έǜ

ϻǱfҦͬ͞ĐϨέ͖ΩͦΧΧg 

k4l¶͞÷ˉ˩ƃ万©x 7200 Αwŏͬ CoDA дЩgҁ� CoDA ˋ，w¬ĘɖӠ

Œǆƃяѱͬãʯòdy͞ģƏ͖Ūͬˋ，m乐ĘɖӠŒƗƃяѱͬ产ȱ 352 dy͞ģ

Ə͖ŪͬƑʺ CoDA ˋ，g÷ˉ˩ƃ万©x˷Α CoDA дЩͬӠΔfȟϰşϰϨÀȢm

ǭɃąɻə͈Ƴǲ͞С˩ͬʭ£ CoDA дЩgҔ之÷ˉʭ£ CoDA дЩļ͓ CoDA Ⱦ

ǔʔŌdƨ乱�ϰϨͬĿęѣĖm�˱ɛʖʶˀ CoDA дЩȶ享Н̑ȫͬ二ӱg˱ Ɣ乐

ǀ CoDA xϿ͂Ϲ͐�ĸ CoDA ǀ͂ƔеƫıĎ҂ЕxЫ七g 

k5lǸΟx GreenDroid FPGA ĳƃηϑgʷʇ³ϥ³h GreenDroid Ű互ηϑдЩ

яё�ǸΟxʭʓͬ GreenDroid FPGA ĳƃηϑgĳƃηϑͬƆʜ BasejumpmƮh

дЩɮ¸xƔдɪĆŪfѨƕϿ͂ϰĎf介ēΗǰfPCB ˆ�ĸϿ͂、ЛΧΧmҁ�д

Щw¬КʷŰ互¶͞Ϧ]tṋ̀ώâ�Ű互¶͞g̫ ʇ�ωx³ϥяёƱȱͬ Basejump 

FPGA ηϑƵ͓ǜ³gGreenDroid ĳƃηϑǌʜǅ GreenDroid дЩ产ȱą Basejump ɲ

ǸƱȱͬgʷʇ乐�ωx乱÷Ͽ͂дЩǜ³g³ϥ乐сφ云҉xǜΗдЩeȶ¶ͬ͞д

Щʌ̎Ƭn˩ſƗҪƑ͞fдЩĵʅę�ĸ严ΜƤψͬϵēęmҁʜȲ� 4-6 dΚ͝

Ű互ƱȱҁdӦͱͬßҵg 

ʷʇΚκκŲύu҉çƹǔǹm҂Еx�vòdʌӠͬÿʋȟǜ³n 

k1lΚx CoDA ǀǲͬ͞ҍ͞ȟmǭ�˱且ʖ CoDA ҍōʧ΄ʔ�gʷʇ÷ˉ

xưĤΖēѯ�ˑmļ͓Ɨ乱÷ǲ͞ʜƆ}Þ�ĳ͝ǱşЏɓʹͬmΆ�ęҁ乱÷ѯ�

ǌŅ�¶Ȏǲͬ͞Ɨ乱÷ѽЕŹy͞ģƏ͖Ūugoőҩ̹÷ˉxưĤ̚УŪmǭ¶͞

΄，书y͞ģƏ͖ŪƵ͓xҁd̚УŪgƵ仍όˊИʖŹ 22nm ǜϻv 7mm2 ͬ΄ӠΔ

͞}，书y͞Ə͖ŪǌŅ�Оͯ̚УŪ 90%ͬѽЕg¶͞Ņɩľͬ΄ӠΔǌŅ�Оͯǲ

͞ȽЕmжʖx CoDA ˋ，ҍōʧ΄ʔ�g 

k2lҬǀȘҕɨι CoDA дЩΛ于ͬ享̀mɮõx CoDA ˋ，÷ˉ˩ƃmǭǀʷ

ʇɮõͬƕϖǴŅȾǔ CoDA ˋ，҂ЕǸ˩gрˋ，Ņ�͠wŏʅҪ͙ͬ͂υȱm˷ p

d͙͂Ņ�ĘŕwŏʅҪͬöʅδǴy͞ģƏ͖Ūmǭ]˷pdy͞ģƏ͖ŪҢŅ�ʜ
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Ǻ，ͬg÷ˉ˩ƃ͞ˀ万©˷pΑ͈Ƴ CoDA ˋ，ͬϰҪfӠΔşȟϰo˩ƃĵʅʏĘ

ŕxӿǑ˫ͬ°ηό，ĵʅmtĘŕ®Ǒ˫ͬ͢ѩƵ͓ĵʅg 

k3lɨιx CoDA ˋ，Źwŏ Cache Ҥϟf͙͂ƗǆfεδǴϰϨέ͖Ωͦ�ĸ

ʣ°έƵ͓ΧĵʅvͬϰҪʁ͐二ӱgŹʭ£ęͬĵʅʿ�vmxҔ͞ˋ，ͳ˸ǆС˩

CoDA дЩŅ�Ǧˀ 5.3 ÂͬϰҪʁ͐£ęş 5 ÂͬϰҪǶʔΔkenergy-delay product, 

EDPl£ęoϦǀ}ɻəuͫdǲͬ͞ƗС˩ CoDA дЩmŅ�Ǧˀ 3.7 ÂͬϰҪʁ͐

£ęş 3.5 Âͬ EDP £ęgҁ且ʖhƗС˩ǲ͞ϦдЩͬƗС˩ CoDA Ⱦǔʜʯʁͬg

˱Ɣm̫ ʇļ͓ CoDA дЩĬ¶Ҧ͞x̵҂ͬϰϨέ͖Ωͦm̱ ͢ĐϨȶĨȠĐϨͬ˸

·�̽Ӓ CoDA С˩ƌƗϦƌƗg 

k4lɨιxǭļȽЕǀ CoDA ϰҪʁ͐ͬȅŢgΔˇͬȅŢʜҁ�ŏʔѽЕͬΗ

ǰȳσΗŅ�÷ɳ̱͢ĐϨΧųƳͬǹҲmҁ˕Ņ�ɮӿηϑͬϰҪʁ͐g̞ˇͬȅŢ

ʜmȂ介ē CoDA ͝ȱͬͱːǲ͞产ōşƵӇѽЕͬǲ͞产ōwĜҤʔm¤书ȱƗҪΗ

ǰΡzˌ�y͞ģƏ͖ŪmηϑͬǫŽϰҪʁ͐ǅƗƗ亚®g̫ ʇɮõ CoDA ˋ，产ȱ

ОͯƕdöʅĐϰͬГō QsCore ˀñǇΡzìΝgƵ仍Иʖ¶͞Гō QsCore ͬʌǻm

��ƌđ 41%ͬӠΔǌŅ�ɮ¸ 2 ÂʅҪͬy͞ģƏ͖Ūmǭ¶Ȏ亮Žė÷Ǣяѱͬϰ

Ҫʁ͐ɮӿ 11.1%~22.1%g 
k5lҬǀ¶͞ȂĉǜϻƵ͓ͬ FPGA ˩ɓvp�ǜϻƵ͓ͬ CoDA Ͽ͂ʔmĥd

FPGA Ͽ͂个̭wѥͬ二ӱmɮõxѨƕϿ͂ŅȾǔͬ 2D-mesh ͂uϞϏgрϞϏ͠Ѩ

Ͽ͂ͬ͒ȄϞϏ乔ɩmǭhѨϿ͂ͬ˷pd 2D-mesh ͖͆ҔҚ÷Ąɮ¸ѨϿ̗͂ͬɪʹ

ĆgѨϿ͂ͬ͒ȄϞϏɮ¸x ASIC Ͽ͂ą FPGA �ĸ FPGA o于bΑŅҎ乔ɩʌ˚g

Ҕ之¶͞рдЩʌ˚mʷʇ¶͞bſ Virtex 6 FPGA Ͽ͂ӷ˫Ƶ͓x CoDA ˋ，ĳƃη

ϑg 

� � �Ö�§¼��

ʷʇŲύЦí¶͞Ƌ二ӱşҍǲʧ΄ʔ�ȶɮõͬ CoDA ˋ，ǔǹmҩ̹ß̑x

CoDA ˋ，͖七ΚşǜΗƵ͓ȶҙąͬɝȴmÙʇÞ÷hÜg 

Φphϔ七m�ωxщӱͬΚϮʡşƬʸͤfǜ_ͤͬͳßΚǜ³mΫ҉x

щӱͬiНΚçƹfÿʋ̹şυχό，g 

Φ|�ωx CoDA ΚͬǜΗƆ�ĸ CoDA ǀΗǰͬҍ͞ȟgCoDA Κͬǜ

ΗƆĘɖöʅδǴͬŅϵē͝ȱy͞ģƏ͖Ū C-core �ĸɻə̗ϚΗ˩ƃͬ S-coreg

oőЫ七x CoDA ˋ，ǀǲ͞Ηǰͬҍ͞ȟgӷÓ÷ˉxưĤηϑmoőҬǀưĤηϑ

uʭҩНͬǲ̚͞УŪ҂Еxҩ̹÷ˉmļ͓ CoDA ˋ，ҍō}ҁΑǲ͒͞Ɗgҁ�h

CoDA Κɮ¸xǜΗƆş͖七ƆgʷͬçƹˀļИ}七ʇdGreenDroid: An 

architecture for dark silicon ageefdSiChromenA Silicon Browser”şdAn Evaluation of the 

Many-core Longtium SP Computer Systemeg 
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Φtɭ҉x CoDA ͬˋ，fϰϨέ͖ΩͦfΗǰȽЕΩͦfǲ͞яѱf÷ˉ˩ƃ

ǸΟ�ĸ˩ƃͬĵʅΛ于gůh CoDA ˋ，Ğ÷Ƒʺm°ηό，fǜϻƵ͓ΧŅҎĵʅ

¢ƕmʎ̎ͶƵ¶͢͞ѩƵ͓˷pΑдЩǭ҂Е万©mȶ�ʷʇŹΦteǸΟxҬǀ

CoDA ͬϰҪfȟϰşӠΔͬ÷ˉ˩ƃgҁd˩ƃʜɨι CoDA ϰʁ二ӱşǭļȽЕǀ

CoDA ȅŢͬƆgрͬiНçƹļИ}七ʇdExploring Energy Scalabiligy in 

Coprocessor-Dominated Architectures for Dark Siliconeg 

Φŭɨιx CoDA ŹС˩ґ̩ȾƗoőmŹϰҪʁ͐ХǴʜŔŅȾǔǭ]tЫ七

xǭļȽЕǀ CoDA ˋ，ϰҪʁ͐ͬȅŢgрtǀƗС˩ CoDA ǀϿ͂đǜϹ͐ş͂

ƔеƫͬȅŢ҂ЕxЫ七gрiНçƹļИ}七ʇdExploring Energy Scalabiligy in 

Coprocessor-Dominated Architectures for Dark Siliconegрͬ乱÷çƹļИ}七ʇ

dTolerating memory latency: L2 cache actively push architectureeşdAAP and AAPM: 

improved prefetching structures of the L2 cacheeͳßg 

 

ŵ 1-6 ʷʇΚçƹͬυχό， 

Φ�ɨιx CoDA дЩͬǜΗƵ͓gрӷÓɮõxѳĔȘҕ，Ǹĳƃηϑͬ

Basejumpooő�ωxǆС˩ CoDA дЩ GreenDroid ηϑ FPGA Ƶ͓�ĸ仍жǜ³o

ʭőɨιxΫĥ CoDA дЩͬϿ͂Ƶ͓g̫ çƹʜǀ GreenDroid/CoDA ˋ，Ά�ǜΗ

Ƶ͓ͬȠόşȬȦg 

ΦÜȠόxʷʇͬǜ³mǭǔʳxvp˲ͬΚşǜΗǜ³g 

七ʇͬό，˙ŵƣŵ 1-6 ȶΉg 
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Equation Section (Next) 
2 �B�� ��bi¥è¥q¬³�

 

CoDA ˋ，ͬɮõʜhxǁɃҍǲʧ΄ʔ�Ͽ͂个̭͈̹ͬʋƃ°ηό，gCoDA

ˋ，ɮõͬƆӏxʶˀϿ͂uƗҪͬʧ΄个̭Ɣm乐Ęɖϵē͝ȱͬy͞ģƏ͖Ū�

ĸѯ�ͬϚΗ͈̹gʷ�ω CoDA ˋ，ͬǜΗƆǭЫ七ҁΑˋ，ǀǲͬ͞ҍ͞ȟg

ʷӷÓ�ωöʅδǴϵē͝ȱͬy͞ģƏ͖Ū Conservation Core(C-core)gx¦ϑɻə

СýǭЕΗǰͬđҕŪwŏmC-core ɻəΗǰeͬ亮Сý�oâ˫�ωɻə̗ϚΗ˩

ƃͬ S-coremƮ͠bƗ乱÷υȱѯ�έ͖ͬƫÎŪşεδǴēȜŅҩ，五ûgS-core Ņ

�͞ˀОͯΗǰeãʯ̗ʅɢ͈̹ͬǭЕ乱÷mΦ�ǀ S-core ҂ЕxϿ͂дЩooőm

Ҕ之 GreenDroid ş SiChrome 七҉x CoDA ˋ，ǀǲͬ͞ҍ͞ȟmƵӇutʜ CoDA ɻ

əͬǲ͞ʜŔŅȾǔ1gʷʇ÷ˉxưĤηϑͬˋ，mļ͓ҁΑˋ，Ѳhҍōy͞ęm

ǭ�̚УŪh·万©xΆ�ę̚УŪȶ享ͬ个̭g万©ļ͓¶͞Ņɩľͬ΄ӠΔǌŅ�

Оͯǲ͞ȽЕmжʖx CoDA ˋ，ҍōʧ΄ʔ�g 

� � �A�¸j.¥eZ¢p ��BD��

öʅδǴͬy͞ģƏ͖Ū C-core ͠}ʜ�ǲ͞Ηǰ̭�eϵē͝ȱͬmǭɻə�

ȫͬ亮Сý�mȶ�Ņ�Оͯǲ͞ΗǰͬƗ乱÷�tǌʜŅ�¶͞ҁdɅʸǅǲ͞

ͬƗ乱÷Ά�ęgů˱ C-core ȱh CoDA ΚͬƆmʷǆϼсφ�ω C-core ͬɅʸ

φϼgӷÓ�ω C-core ͬļǔİΗ�ĸϵē͝ȱ C-core ͬǜãұoâ˫�ωöʅδǴ

C-core ͬΆ�ό，oé˫�ωƣ±ŹҔ͞ˋ，e产ȱ C-coreooő�ω C-core ͬ为丽Ƚ

Е之Ηoʭő�ω C-core ͬ万©όˊg 

� � � ���BD� Éb¤ue=î�

Ӓǀϵē͝ȱy͞ģƏ͖ŪɅʸΚͬwʉ̤ØmC-core ͝ȱɅʸtŹwʉļǔg

âļǔ϶�ʭҩНͬtdӅ˵n1l2010 Ǭ ASPLOS ¤Юuɮõ¶͞Ƌ二ӱ[5]mǭɮõ

x Conservation CoreskC-corelɅʸm˱ʔͬ C-core iНͱːʜɮӿϰҪʁ͐mό，t

ѲhΫĥmҢʜͲɩ�Ϛ下ͬʅɢҔѩ�ĸɪĆҔѩ丽ɡϦˀͬg2l2011 Ǭͬ HPCA

¤ЮuɮõͬҎɕȟĴ̗˾σɅʸ(selective Depipelining, SDP)�ĸ Cachelet Ʌʸ[13]mǀ

C-core ҂ЕxѲƗͬ£ęmҁbdɅʸŅ�ŏʔɮӿ C-core ͬȟϰşϰҪʁ͐g̫ ʇi

НçƹͬΚşǜΗƵ͓Ɨ°uƆ}ҁd̓ʷͬ C-coreg3l2011 Ǭͬ MICRO ¤Юu

ɮõͬ QsCores Ʌʸ[19]mŅ�hĐϰͳ«ͬѯ��͝ȱpdy͞ģƏ͖Ūm� C-core

ͬХǴŅ�ЪhǅĐϰγ«ͬƕd C-core ГōŹxpѠgҁǅʯʁͬñǇy͞ģƏ͖Ū

ӠΔ/ʅҪm҂p˲ɮӿϰҪʁ͐mʷʇΦŭ¶͞xҁΑ C-coreg 

ӏ˱oƔmŰ互â�ȱś乐ǀ͝ȱ C-core ͬǜãұ҂ЕxѲƗ£ęm�ʓʵ¶͞ƕ

                                                
1 ǲ͞ŅȾǔʜɛ CoDA Ņ�ɻəƗҪwŏͬǲ͞mǭ]ȶ享ͬϿ͂个̭ҍǴg 
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ΑwŏͬϚ下ǜãkGCCfLLVMfCodeSurfer[49-51]fOpenIMPACT[52]�ĸ Raw-GCC[53]lm

丽Ŀh��¶͞LLVM1pΑϚ下Ūǜãgǀǜãұ͝ȱͬC-coreâ�ʌӠͬ£ęĘɖn

1liƏ͖Ūş C-core o于ͬ�乔�ʓʵͬȿɭұĿȱx˓ȄϞϏo2l҂ЕxѽάŪГ

ōͬ£ęm·ƣs̎Ūşđ̎ŪК£ęhsđŪo3lǀfЕͬƕdѽάɹ³mƣˊ̯

ѥ�ɡȍǌ҂Е|ķ˓ǫЖ£ęmɮӿ C-core ȟϰo4l》мϵē͞Ά�Ƶ͓ѯ�̗˾

σ(software pipelining)ΧΧg 

C-core ͬΆ�͢ѩʜ¶͞Ű互дЩͬϵēęǜãұ�ѯ�̭�e丽ɡȱΆ�ͬg

ǜãұѽЕͬΦpd˲从ǌʜǀǲ͞яѱ҂Е÷ˉmиĄõ̻�şï�g̻�Ҕ

ǩʜˌ�öʅfȏ͒ȳϥp�Ɔʷſmҁ��Ĩ͞xƗ乱÷ΗǰѽЕʔ于ǭ̞ϨxƗ

乱÷ͬϰҪmҁ�̻�ǅКǜãұ丽ɡhΆ�ͬ C-coregиĄõ̻�oőmǜãұ

¶͞ LLVM ϵǦͬ Clang Ϛ下ŪĉΣǜãǅ C/C++�丽Ŀh LLVM e于(IR)ghx

ʩƢͬǀѯ�ş͢ѩ҂Е£ęm乐дЩxʩhҍͬ͞e于˘ǻ(C-Core IR ş Arsenal 

IR)mǭϚëxƗҪͬ LLVM т̎÷ˉŪǀѯ��k·ƣȏ͒ǔǹfÛ͞И么ǻ”ñ

ΧΧlşΆ�͢ѩ҂Е£ęk·ƣmŹ亮ßҵѩȊu¶͞ϰҪʁ͐ʩӿͬ®ҕѽάŪΧlg

ʭψ LLVM ͝ȱ C-core ͬΆ� Verilog �fΆ�ǜã¶ͬ͞ʔǰξʾʇ��ĸʔҭζ

·ͬѯ��Ͷ�gǜãұǅ͝ȱͬѯ��Ͷ�đØ MIT Raw Ə͖Ūͬ�ͶŪ BTL

e҂Еѯ�ͬ�Ͷg͝ȱͬΆ��şξʾʇ�¶͞ϳʷƏ͖őŅ�ϵē产ȱą

GreenDroid/CoDA Ə͖Ūͬǹļ̗Ηeg 

� � � ���BD� ®4¼��

öʅδǴͬy͞ģƏ͖Ū C-core ͬΆ�Ƶ͓͠pηûͬΗǰƆʷſΆ�͢ѩɗɩ

ϦȱghxæƹΗǰ|҂Ć业͞ɩŀ ABImC-core ͬɩŀƏ̦đ͢ѩˀ˩ɓҔ͞Ə͖Ū

¶ͬ͞Ҕ͞ƼƫŪşˑό，gҁ˕pd C-core ǌƵ͓xpdѯ�öʅͬĐϰg 

ŵ 2-1 ǔΉx C-core epdƆʷſͬ͢ѩmĘɖxʅɢҔѩfɪĆҗ久fȘȯʔҭ

�ĸƫĽҗ久gŵeͬ C-core ʜ͠ňvХͬ C �ϊ之ǜãұϵē͝ȱgŵu乱ͬȘ

ʔҭkfast clockl͞}ɪĆ C-core еƫҗ久(load ş store)�ĸɪĆ̗ŵ͝ȱͬ͊Ȝʹ,

ҁdʔҭͬ亿͐şiƏ͖Ūʔҭ亿͐ͳŏoȯʔҭ͞}ɪĆƆʷſxƆʷſo于ɯØͬ

ƼƫŪtǌʜŵΉ͢ѩbΣͬƼƫŪgȯʔҭʷ两uʜpdϱìÀŊm˷pdƆʷſͬ

ȯʔҭbdϱìÀŊo于ͬɏʅҢwͳŏmã°ͬʅÆ͠ǜãұeͬ业ǴŪ；ɢѩȊe

ͬŌΑѽάŪ�ǶʔЩάȎõgƣŵȶΉmhx亚®ϰҪ̞Ϩ�ĸɮӿ C-core ѽЕҕǴm

Ɔʷſç乱ͬҗ久ӏx load ɹ³oőʯƼƫŪƔmâ�ͬѽάĥÑőӠͬƼƫŪКÙ乱

ΖӏgŵeˣŶȄĝƄǔΉxɪĆҗ久(CFG)mɪĆҗ久ͬΆ�͊͠Ȝʹ，ȱǭŹȘʔ

ҭͬɪĆvǜ³gǀ}xƫÎ��ͬɹ³m͊Ȝʹeǅ͝ȱǦʯȏ͒ͬ͊Ȝmҁd͊Ȝ

                                                
1 oȶ�Ҏɕ LLVM ʜůhрϚ下ŪͬдЩƆ}˩ſęͬȝȪmŅ�Ȍƹʗͬƌđwŏͬ£ęşǀ�
҂ЕĿɡm͜϶ʯȌƕṋ̀ͬ£ę�Ņ�ĵϤgłpʌӠmLLVM ͱĉ串ˀ串̗Еm͠ЄˊÛŋş�
ăч�ƗƬӸ˧÷˔Þŏɻəmǭ]ͱĉǡϊʜЄˊ͢ϲԉЪͬϚ下Ūg 
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Ņ�¶͊ȜʹΧȋƫÎɹ³Ʊȱoőȹ҂Øvpd͊Ȝg 

 

 

ŵ 2-1�C-core eƆʷſό，ŵ 

ʆd C-core ǌʜ͠pυγ«ŵ 2-1 eȶΉͬƆʷſҗ久ɗЛϦȱmC-core eʆ°ͬ

ɪĆҗ久tʜ；ɢΗǰŹƆʷſo于ͬ为丽Ȩî͠Ɔʷſeͬ͊ȜʹɗЛϦȱg˱Ɣm

hx̯ѥΗǰͬ|҂Ć业͞СýkABIlmдЩ享НŹ C-core e̦đp�ƼƫŪşҗ久

ˀ̯ѥҁ�Сýmҁ�͢ѩŹ C-core eКȻĘȱpd͈˴ͬƆʷſgʆd C-core ç乱

ӏx load ş Store ɛ�Ɣmâ�ѯ�ɛ�Ù乱͞y͞Ά�Ƶ͓mC-core ç乱wƫŹ下

җ久g 

Ҕ͞Ə͖Ūˋ，产ȱƗҪ C-corem享Нȶʯ C-core ãʯϑpͬɩŀgƗ°uɩŀ÷

hb乱÷nӷÓʜҔ͞Ə͖Ū：x C-core ͬɩŀmҁdɩŀiН͞}iƏ͖ŪŒ C-core

¦ҒĵʅfɛҬΧΧʅɢȳϥ� C-core шĽόˊȳϥ͊ȜΧgłp乱÷ʜ C-core xƫ

ÎŪͬɩŀmҁdɩŀiНʜhx¶ C-core Ņ�шëƫÎŪgiƏ͖Ū：x C-core o

于ʅɢͬ¦ѶҔ之pυ˓ȄϞϏm˓ ȄϞϏͬźżϚĘɖt乱÷n1lC-core ϚŊo2l

C-core eͬƆʷſϚŊo3lрƆʷſeͬƼƫŪϚŊgҔ之ҁυ˓ȄϞϏmiƏ͖Ū

ǌŅ�шë C-core ç乱ͬ˷pdƼƫŪgҁ˕¶Ȏ C-core tɻəǺǩmǭ]Ҕ之 patch

ͬʹĆkĵʅҔ͞ęfѽάŪҔ͞ęΧΧlɻəʶˀ̓ʷͬѯ�ghx¶ C-core ǀΗǰ

ś习ʖmtǌʜΗǰśw享НÁɽĳˀѽЕŹiƏ͖Ūuͬѯ�̭�m享НiƏ͖Ū

şȶʯ C-core Þ�ʅɢ CachegiƏ͖ŪfC-core xÞ�ʅɢ Cache o于tҦ͞˓ȄϞ

Ϗghxϖɉ Cache pϷȟm͙͂ç乱ŏpʔĈ��Ðв̵̕pdƏ͖ŪmȳϥʜiƏ

͖Ūȳϥʜˌpd C-coregсφͬÀŊûИПИ 2-1g 
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И 2-1 Ҕ͞ˋ，产ȱ C-core ͬɩŀÀŊ 

ŐΕ ƺ ʌŒ 乔ɩ˩ſ ɭ҉ 

tree_addr 32 In iƏ͖Ū： ˓ȄϞϏе二źż 

tree_store_value 32 In iƏ͖Ū： ƫÎą C-core eƼƫŪͬÆ 

tree_re 1 In iƏ͖Ū： шƼƫŪÀŊ 

tree_we 1 In iƏ͖Ū： ëƼƫŪÀŊ 

tree_load_value 32 Out iƏ͖Ū： шĽ C-core eƼƫŪͬÆ 

clk 1 In  ʔҭÀŊ 

reset 1 In  ƑÀŊ 

mem_valid 1 In Þ� Cache Cache ĽŮͬʅɢʯʁ 

mem_load_value 32 In Þ� Cache Cache ĽŮͬʅɢ 

mem_addr 32 Out Þ� Cache еƫźż 

mem_store_mode 2 Out Þ� Cache 
еƫ˩ǻm0 h 8 m1 h 16

m2 h 32  

mem_store_value 32 Out Þ� Cache ë Cache ɹ³ͬëŮÆ 

mem_access_type 2 Out Þ� Cache 
еƫγƃo2 hшĽg1 hë

Ům0 hʎɹ³ 

attention 1 Out iƏ͖Ū： 
γ«eʉÀŊmҔͼiƏ͖Ū

： C-core 享НƏ͖ 

err_flag 32 Out iƏ͖Ū： 
Ҵ专ÀŊːȕmҔͼiƏ͖Ū

： C-core ŤҨȽЕõ͓Ҵ专 

 

� � � �óu ��BD� §���

hxŒηϑe产ȱƗҪͬy͞ģƏ͖Ūm享НҎɕãʯŅȾǔȟͬˋ，gMIT ͬ

Raw Ə͖Ū͠}ҦĽx͙͂ęͬдЩǭ]¶ͬ͞ 2D-mesh ͂u�乔ϞϏ͖七uŅ�ʎ

些ȾǔmǌȱhxѲh͖ȪͬƆˋ，gŵ 2-2 ʜ C-core 产ȱą GreenDroid eőʆd

ηϑͬˋ，gâeŵ 2-2(a)ʜʆd GreenDroid ͬό，˙ŵmGreenDroid Ҧ͞x 2D-mesh

�乔͙ͬ͂ęˋ，g˷pd͙͂ͬǢǐƣŵ 2-2(b)mâeĘɖpdҔ͞iƏ͖Ū(MIT 

Raw)fҔǩĘŕ 8-15 d C-corefɛ� CachefКiƏ͖Ūş C-core Þ�ͬʅɢ Cache

�ĸϞϏɩŀ(on-chip network, OCN)gŵ 2-2(c)ʜ͙͂ç乱Ōd˩ſͬ�乔ßηgˋ，

�bʌӠˀ¿жwÁɽϚΗ˩ƃmtǌʜΗǰśw享НÁɽ̭�ǌŅ�ΖˢΗǰą

C-core uѽЕgӷÓmC-core æƹΗǰ业͞|҂Ćɩŀ ABIoâ˫miƏ͖Ūş C-core
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Þ� CachegÞ� Cache ǌҜÖxʅɢŹwŏƫÎŪo于义ΖmҜÖΗǰśȸǜÁɽ̭

�ǭ¶ȎΗǰśяёʅɢ业Ǵg 

 

! ! ! ! ! ! ! ! ! ! (a)!GreenDroid��! ! ! ! ! ! ! ! ! ! ! (b)!£�>ì¼�! ! ! ! ! ! ! ! ! (C)!CPUo C1coreOç!
ŵ 2-2 产ȱ C-core ͬ GreenDroid ˋ， 

� � � ���BD� ãäwÍ�

͝ȱ C-core ͬǜãұʏ¤͝ȱ C-core ͬΆ�͢ѩşѯ�ͬ�ͶŪm乐¤ǀ͝ȱͬ

ŅȽЕΗǰ҂ЕǇҪÁɽgŹŅ�业͞ C-core ͬźʌ̦đˎ͵ C-core ͊Ȝͬ�m¶

ȎŹȽЕʔŅ�ēȜˠˎ C-core ͬ͊Ȝgҁ˕ƣˊ C-core Λҽǌ为丽ą C-core ȽЕΗ

ǰmƣˊ C-core ȗǌЬΗǰŹiƏ͖ŪuѽЕȳϥΧȋg 

ƣˊΗǰíƳ为丽ą C-core ȽЕmiƏ͖ŪǌǅΗǰѽЕȶ享ͬĵʅfˑɛҬfÙ

ǐĿҪɛҬΧ¦Ғώ C-coregȂΗǰѽЕόʾoőmiƏ͖Ūǅόˊ� C-core eшŮg 

C-core ͬ业͞æƹx MIT Raw Ə͖Ūͬ ABImRaw Ə͖Ūͬ ABI x MIPS O32 ABI

ͬξƳĞ÷γ«gǀ ABI ͬæƹĘɖbd乱÷npdʜĵʅͬ¦Ғmłpdʜˑͬ¶͞g

Raw ABI ξƳƼƫŪ$v0f$v1 ͞}ȽЕόˊѿŮmƼƫŪ$a0-$a3 ͞}¦Ғĵʅm˱Ɣ

ʯy争ͬƼƫŪ͞}¦Ғ SPkˑɛҬlş GPkÙǐĿҪɛҬlgдЩͬ C-core eƵ͓

xҁ�ƼƫŪm业͞ C-core ʔҔ之iƏ͖Ūx C-core ͬΆ�ɩŀɆÆëØҁ�ƼƫŪg

ǀ}˷pdÙǐĿҪmŹ C-core eНƵ͓pdźżÉΖƼƫŪmҁ˕ C-core ѽЕʔǌ

Ņ�Ҕ之 GP ƼƫŪşÉΖƼƫŪЩάõÙǐĿҪźżmoőļҌшëх̀ˀɹ³ҁ�

ÙǐĿҪgxѯ�ͬöʅ业͞ˑwŏ C-core Ά�ͬˑe̊ʯǐ乱ĿҪşgʔĿҪmҁ�

ĿҪͬÆƫÎ} C-core ͬΆ�̗˾σeg 

ȂЉȎöʅȽЕȶ享НͬȶʯʅɢőmC-core ͢ѩ¤；ɢ͝ȱͬΆ�͊Ȝʹ҂ЕȽ

ЕgȂ C-core όʾȽЕőm¤ϟ attention ÀŊm˱ʔiƏ͖Ūǅ C-core ѽЕόˊ�

C-core шõg 

ӏxŉöʅͬȽЕmC-core tɻəͲɩ业͞â�öʅ�ĸҒȁ业͞mҁ�Ң享Нǀ

C-core ͬΆ�ˑό，҂Е̦đg 

hxʩȄюź且ʖΗǰƣ±ŹiƏ͖Ūş C-core o于为丽ȽЕm̫ ǆϼûkpdǲ
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͞ΗǰöʅοĄ dͬ¨�emǭ̲Ήƣ±为丽gƣŵ 2-3ǝºȶΉmpdńÊHello C-core

ͬǲ͞业͞x 3 döʅmǜãұ÷Ąhҁtdöʅ͝ȱx 3 d C-core ǭ产ȱąҔ͞ˋ，

egҁ˕Ȃǲ͞ȽЕąöʅ 1 ͬʔÄmǌ为丽ą C-core_f1 uȽЕmόʾő为丽ŮҔ͞

Ə͖Ūoâ�öʅͬȽЕtқȏŏ˕ͬСým之ΗПŵ 2-3 ňºg 

 

ŵ 2-3�ǲ͞öʅο¨�ĸiƏ͖Ūş C-core 于为丽ȽЕ 

� � 	 ���BD� Ú7�

ʷǆϼ�ωx C-core ͬό，fǜãұfC-core ͬɩŀ�ĸ业͞ʌ̎g͓Ź�ω¶͞

C-core őmηϑͬϰҪʁ͐ɮĠȨîgŵ 2-4 Ľϵ}七ʇ[13]mʜǀηϑeѽЕͬʆdǲ

͞Ηǰ҂ЕȟϰşϰϨϑЩͬόˊgŵeͬ In-SW ɛȶʯΗǰҢѽЕŹiƏ͖Ūuǭ]

ηϑ̊ʯ产ȱ C-coreg̫ ʇiН�ωşâ�ϼ¶ͬ͞ʜ C-core Φ|d£ę̓ʷmĬŵ

eͬ ECOcoregtǾŵeʭuӠͬʜϰҪǶʔΔme于ͬŵʜΗǰѽЕʔ于mʭvӠͬ

ŵʜϰҪ̞Ϩͬ÷ǢȨîg¶͞ ECOcore Ņ�¶ΗǰѽЕʔ于ʭƕñǇ 33%ǭ]xҔ

͞Ə͖Ū：ͳ˸ѽЕʔ于Ңʯȶ亚®gǫŽϰҪǶʔΔ£ęŅ�么ą 59%mҁ�£ęͬ

ĽȎƗ乱÷¹ќ}ǀϰҪ̞Ϩͬ£ęmҔ之ЩάŅͼŹѽЕƱʆ̙ͬмΗǰʔǀϰҪͬ

£ę͐ʭӿŅ�么ą 70%g 

七ʇ[13]eͬҔ͞iƏ͖ŪҦ͞ 45nm ǜϻƵ͓ͬ MIPS 24KE Ə͖ŪmǭÈдрƏ

͖Ūǜ³ʔҭh 1.5GHzmʅɢCacheşɛ�CacheͬȟϰşĐϨʅɢˀϵ}CACTI5.3g

y͞ģƏ͖Ū ECOcore ͬ万©Ҧ͞ǜãұ͝ȱͬ Verilog ʇ�mǭ¶͞ Synopsys 

DC(C-2009.06-SP2)҂ЕĉΣдЩfIC Compiler(C-2009.06-SP2)҂ЕőΣдЩg万©ӠŒ

ͬǜϻh TSMC 45nm GS ǜϻǱg  

˱Ɣ享Н且ʖͬʜγ« C-core ҁΑό，ͬʋƃy͞ģƏ͖Ū：m£ęΛ于ǞƗmǭ

]Ȍƕ£ęҢʜŅ�ŏʔ£ęȟϰşϰҪʁ͐g·ƣĉӠɮąͬГōwŏͬѽάŪfǀ

之予ƺͬѽάŪ҂ЕϜñ(·ƣǀ 4 đ̎͞ 4 đ̎Ūʬ� 32 đ̎Ū)ΧΧgʁ ˀ

ǀ C-core ό，ͬwʉ£ęmŅ҂p˲ɮĠҁγy͞ģƏ͖Ū：ǀϰҪʁ͐ͬ£ęʁˊş

ѽάȟϰg 
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Hello C-core {

��

������	�����������������

��

�������	�����������������
……

double c =  function_3(args) + a + b;

}
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ŵ 2-4 ǲ͞ΗǰȟϰşϰҪʁ͐ 

� � ��y�Â²�s§ 4��BD��

Ź C-core ѲƢźĜҤ亮Сý�k·ƣĘɖƗҪ÷ɻş为丽ɛ�ͬ�Χlͬ Ɔ
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umʷǆϼҬǀСý�ɮõx S-core ˋ，ghxӿϰҪʁ͐ͬƏ͖ǭЕЩάmŰ互享

Нh CoDA °ηό，đØҍōǭЕЩάͬy͞ģƏ͖Ūgʇ͏[21]》мŒηϑ产ȱxŅҩ

，五û1ǭҔ之ǅɪĆƑʺ�şǭЕ�ʚ。ą五ûuˀɮӿηϑͬȟϰşϰҪʁ͐g

ʷǆϼɮõͬ S-core t�εδǴŅҩ，五ûhƆmмŵОͯãʯƕΑǭЕȟͬǲ͞�

m·ƣʅɢǭЕfɛ�ǭЕfσΗοǭЕΧg˱ƔmҬǀʇ͏[54]ļ͓ͬ亿μҩ，ǂϷ

ηϑȟϰşϰҪʁ͐ɠƚͬȨîm̫ ʇЪh��¶͞ҩ，五ûОͯЩάҩ，˸ѲӿͬΗ

ǰ乱÷ǌŅ�Цíҁd二ӱmâ�ΗǰǭЕ乱÷ŅҔ之Œηϑe产ȱ SIMDfVLIW Χ

γƃͬđҕŪ҂ЕОͯg 

˱Ɣm̗Ə͖Ū³hpΑʋƃͬˋ，mw�ҍōãʯƕΑǭЕȟͬǲ͞mϦ]乐ʜ

pΑäƃͬӿϰҪʁ͐ˋ，[55-58]g˱Ɣm̗Ə͖Ūȶɻə̗ͬϚΗ˩ƃeͬ：ȒΗǰǌ

ãʯӿЩάҩ，˸͈̹ͬgů˱ʷʇдЩͬ S-core tɻəx̗ϚΗ˩ƃmǭãʯäƃͬ

̗Ə͖Ūˋ，͈̹g 

� � � ��o�Â²�s�

hx且ʖ̗ϚΗ˩ƃmӷÓНͼҚ�mʜ̗ş̗Ə͖͈̹ͬg̗ʜw于ʉͬf乔ϕ

ͬfΖēͬ一ȃ互ûm互û予ǴŅ�ʜƳ予ȳwƳ予ͬ[59-62]gҁ�一ȃŅ�ʜΫĥͬŒ

ҪÑθmtŅ�ʜѲhƑʺͬŵÏÏθgҁΑγƃͬʅɢŹ¶͞之Ηeʜ亮ǩƹʗӫ̙

ͬmǭ]ʯѲƢͬ͝�ϥ-̞їϥǐ乱ȟgx¦ϑˋ，wŏm̗Ə͖ʯ�vòd͈̹n

ЩάşƫÎЦϩōmЩά之Η÷ЦmʝΉҔÀmǭЕƏ͖Χ͈̹[59-62]g 

hx̯ѥ̗Ə͖ͬƫĽşЩά͈̹m��ɮõx̗ϚΗ˩ƃgâ：ȒȝȪǌʜǅǲ

͞υχȱ̗Ηǰş：ȒΗǰm�¼ɞɧǲ͞ʷ主ͬǭļȟşǐ乱ȟgҁΑ̗οkStreamCl

ş：ȒοkKernelClͬbοϚΗ˩ǻm÷Ąǀǲ̗ͬυχ业Ǵ�ĸǀ̗一ȃͬЩάm

Ҕ之ҁΑʌǻǌŅ�ǅǲ͞Ηǰú÷h̗οΗǰĸƕd：ȒΗǰmƣŵ 2-5 ȶΉg：Ȓ

ΗǰʜpdЩάƽ产ƃͬöʅmǀ̗eͬ˷dÑθ҂ЕЩάm˷d：ȒΗǰ�̗一ȃ³

hѶØǭ�̗͝一ȃ³hѶõg̗ΗǰƎʖ̗mƳn：ȒΗǰo于ͬɪĆ̗şʅɢ̗g

͓ʯ̗ͬΗǰдЩтШʯ MIT ǹļͬ StreamIt[63]mʊƁΌƗƬǹļͬ Brook[64]mʊƁΌ

ƗƬǹļͬ StreamC/KernelC[65]Χg 

 

ŵ 2-5 ̗ϚΗ˩ǻ 

                                                
1 Б̽р七ʇeǅҩ，җ久ńÊ FPGAm¬ʜʷ两uˀ͵âƵʜpdεδǴēȜŅҩ，五ûg 

Kernel 1 Kernel 2
StreamI 1
StreamI 2
StreamI 3

StreamO 1
StreamO 2

���

�����

���
	

���
	
����
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pϸˀ且mɻə̗ϚΗ˩ƃͬƏ͖Ūǌʜ̗Ə͖Ūgŵ 2-6 ʜ S-core ͬˋ，ŵgʆ

d S-core ÷hbƗiН乱÷nƫÎƨηϑ�ĸεδǴŅҩ，五ûgǝºhƫÎƨηϑm

ƮiНĘɖb乱÷n̗ƼƫŪʇ�kStream Register File, SRFl͞}̗ʅɢͬƫÎo̗

ϙìkStream Bufferl͞}乔ɩ̗ƼƫŪʇ�şҩ，五ûmâe˷pd̗ϙìҢɻəǀ

pd̗ͬɹ³gŅҩ，五ûĘɖ�vòd乱÷n1lѽά：oͱĉͬѽά：eiНͬ乱

÷h̜̹ͬsđŪo2l�乔ϞϏoͱĉͬ�乔ϞϏhΫęͬʙƃϞϏkƣŵ 2-7lmΫ

ęͬçƹhϞϏŃɻə�ǝŒňͬʅɢ¦Ѷgҁ˕̗ʅɢ�ǝº̗Ø五ûϊ之pηûͬ

Щάoő�ňº̗õmǭ͝ȱʋ̗ͬʅɢgҦ͞ʙƃϞϏʜůhx 2D-mesh ͳ˸mʙƃ

ϞϏʩh̸̕ǭ]ʩhӿʁox�ķǹßͳ˸ʙƃϞϏŅ�Ⱦǔmǭ]ȂϞϏС˩ѲƗ

ʔmͳ˸}�ķǹß享НʩǇͬ�乔个̭[66]g3l，�ƫÎŪoƫÎxҩ，五ûşЩά

：o于�乔ͬҩ，ÀȢmҁ�ҩ，ÀȢдƳx˷pdѽά：ͬĐϰ�ĸϞϏƣ±¦Ѷʅ

ɢąvpdЩάϼ̹gͱĉ，�ƫÎŪŅ�ƫÎbυ，�ÀȢmtǌʜ 2 d：ȒΗǰm

ҁ˕Ņ�ɬͯp乱÷¦Ѷ，�̗ͬǶ҅gҁ�，�ÀȢʜ͠iƏ͖ŪëØͬg 

 

ŵ 2-6�S-core °ηό，˩ſŵ�

ʷʇ³ϥ͌ΟƱȱͬƫÎηϑдЩĵϤxʊƁΌƗƬ Imagine Ə͖Ū�ĸŴӃΒɅ

ƗƬͬ MASA Ə͖ŪmƱȱxΆ�Ȑό，ͬдЩşƵ͓�ĸѯ�ǜãĘͬдЩgǜã

ĘĘŕxpηûhǲ͞Ηǰśɮ¸ͬ API öʅmҁ�öʅͬiНǜ³ʜέ͖̗ʅɢm·

ƣŹ͂u÷Ҥ SDR ş SRF Λ于mέ͖：ȒΗǰͬѶØ̗şѶõ̗ΧΧgѲhφϷͬд

ЩƵ͓çƹхĵП³ϥļИͬ七ʇhAn Evaluation of the Many-core Longtium SP 

Computer Systemi�ĸɸëͬʇ˝hɻə̗˩ƃ̜̹ͬЩάǫņi1g 

                                                
1 Ņ�Ź�vźżvѱ http://pan.baidu.com/s/1pJAzk1dmS-core Źрʇ˝ɸëoőÁɽx�乔ϞϏmŹ
五ûe̦đxӳƔpυ，�ƫÎŪm£ęxßҵѩȊΧgрʇ˝乐сφɭ҉xʷʇ³ϥȶǹļͬѯ�ǜ
ãĘmŅ�ǨĔǲ͞Ηǰśǹļ S-core uѽЕͬΗǰg 



МĚǜ_ƗƬħƍƬ七ʇ 

28 
 

 

ŵ 2-7�S-core εδǴŅҩ，五ûͬΫęʙƃ�乔ϞϏ�

� � � �4��BD� í�ñ�p�

Ņҩ，五ûeƗ乱÷ͬЩά：ҢŃĘŕpdГōͬsđŪmҁdsđŪŅ�ɻəđ

̎fñ̎fs̎fsđfsđĽĻfsñşsñĽĻ 7 ʿɛ�ghxЩάӏ̎mʷдЩ

¶͞ƕdЩά：ҩ，õ̜̹ӏ̎Ūgҁdҩ，õͬӏ̎ŪŅƵ͓̗˾ęɹ³mĬ˷ʔҭ

ŜʵҢŅ�ɩɼɹ³ʅǭ]Ź̗˾σӶşő˷ʔҭŜʵҢŅ�Ѷõόˊgҩ，ӏ̎Ū享

Н¶͈͞˴Щά：eͬÃʅ©ЩÆЩάĥÑm�¼ǅӏ̎丽Ŀhs̎gʷǆϼ�ωӏ̎

Ūͬά̎ş¶͞Ņҩ，五ûҩ，ӏ̎Ūͬʌ̎m̫ ǆϼͬͱͬʜǔΉƣ±ǀεδǴŅҩ

，五û҂Еҩ，g 

ҩ，ӏ̎ŪҔ之¶͞Ãʅ©ÆЩάĥÑǅӏ̎丽Ŀhs̎mtǌʜǅ A÷B 丽Ŀh

A×(1/B)mȶ�ЉȎζ·ͬӏʅÃʅǀ}Щάӏ̎亮ǩҩНgдЩ¶͞ǀΕИͳđͬʌ

ǻkSymmetric Table Addition MethodmSTAMlˀЉȎÃʅͬεͦÆ[67-71]moő¶̈́͞

人乘�kNewton-Raphson iterationlˀɮӿÃʅͬζǴgƣˊ��Ҕ之 STAM ǌЉȎζ

·ÆmҞmȶ享НͬˎɃИǅ͈ĄƗm̛ї个̭oSTAM όō̈́人乘�ʜЉȎζ·Æͬ

Ѳhʯʁͬʌ̎mǭ]个̭ҍegдЩ¶͞Ά�͢ѩƵ͓x STAMmǭǅâȻĘȱ̜̹

Ãʅ©ÆĥÑ̦đą五ûeghɮӿ̜̹ÃʅÆζǴϦдЩͬ̈́人乘�ÛǻПÛǻ

k2-1lmâe x0 h STAM ˎЍşőȎõͬεͦÆmx1 ḧ́人乘�ЩάőȶЉȎͬӏ

ʅÃʅͬζ·ÆmB hӏʅgϊ之p˫̈́人乘�Ņ�ǅζǴɮӿpÂg   
                                    k2-1l 

xЦxĉӠ̜̹ͬӏ̎ά̎őm̫ ʇ¶͞xŭdѽά：ˀҩ，õpd亮ӆƈͬӏ̎

Ūmâeĉtdѽά：pѠƱȱp˫̈́人乘�mсφͬҩ，ό，Пŵ 2-8gΦpdѽά

：яёˎИ©άӏʅͬεͦÃʅȎõ x0oΦ|dѽά：ҤϟhpdsñĽĻѽάŪ̀õ

1.0 - x0 * BoΦtdѽά：ҤϟhpdsđŪ̀ṏ́人乘�ͬόˊ x1oʭőpd：Ҥϟ

ȱpds̎Ū̀õʭψͬӏ̎όˊgŵeͬЍϺЏσИΉҤϟѩȊm付ϺЏσИΉѽά

ŪeȂĉѽά̊ʯ¶͞ąͬ乱÷mϦ付ϺƵσИΉʷѽάŪeȂĉѽάƵӇ¶͞乱�ͬ

ʅɢҔѩg 

ΗǰśŅ�͞ŏ˕ͬʌ̎ǅ五ûҩ，ȱƵ͓wŏĐϰͬѽάĥÑ�Ƶ͓ˌ�ѯ�

ά̎m·ƣʷʇŏ˕¶͞ 4 dѽά：ҩ，õВȄѽάŪɻə FFT ѽάg 

1 0 0 0(1.0 )x x x x B= + × − ×
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ŵ 2-8 ҩ，̜̹ͬӏ̎Ūό， 

� � � �4��BD� `¡-Ú7�

hx仍жş万©ʷʇ̗ͬƏ͖Ūm̫ ʇ¶͞ Altera Stratix II FPGA Ƶ͓xĳƃηϑm

ηϑ¶͞ NIOS Ə͖Ū³hiƏ͖Ūmǭh S-core ̦đȠσҍҤŪɚѱą Avalon Ƞσ

ug͠} FPGA 个̭些ĆmƵ͓x 4x4 ͬεδǴŅҩ，五ûm32KB ̗ͬƼƫŪʇ�m

ÞĨ͞x 69%ͬҗ久个̭ǭŅ�˰·ѽЕŹ 100MHz ʔҭ亿͐vgИ 2-2 ûõxȶʯ

S-core Ƶ͓乱÷ͬ�Еʅgŵ 2-9 ʜʭψƵ͓ͬĳƃηϑg 

¶͞ʷʇ³ϥϚëͬѯ�ǱmŹ FPGA ĳƃηϑuƵ͓xòdäƃǲ͞Ηǰά̎m

ǭ�˱ˀ万©ηϑͬȟϰg̫ ʇȶƵ͓ͬά̎Ęɖn1024 ̹Ƒʅ FFT ͬ 10 οВȄѽάm

1000 d̜̹ʅѶØͬ 16 Ӆ FIR ʅƪ̰̐m2048 ̹̜̹ͬŒҪǫʌşЩάş 2048 ̹̜

̹ӏ̎gȶʯЩάόˊş C++ΗǰŹ Intel ǫņuͬЩάόˊ҂Еǀ˸mÙ乱ѽЕ˰·

k͠} Intel Ə͖Ū̜̹ˑh 80 ƺmϦ S-core ʜ 32 ƺmȶ�όˊͦʯǟĄm¬ʜ

专ǟŹζǴȶɩľЅŲçlg万©ȟϰ̗ͬƏ͖ŪeŅҩ，五û¶͞ 16 dѽά：mК˸

��(

,
�
!

��"��-�! (�*#-�!

MUX
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NoC
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!
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!

��"��-�! (�*#-�!
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C
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1.0

X1
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��( ��( ��(

X0+X0*(1.0 – X0 * B)

1a2 1b2 1d21c2

�*� �!�4
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Ѳͬĥ：ʜæƹ PowerPC 750 ͬԌϴ R Ə͖Ūmѽά：eͬѽά乱�ǌĽϵрƏ͖Ūg

̗Ə͖ŪuΗǰͬȽЕʔ于Ҕ之шĽ͈˴ͬΆ�ЩʅŪЉȎmŹԌϴ R Ə͖Ūețđ

Ƶ͓xγ«ͬЩʅŪgИ 2-3 şŵ 2-10 ÷ĄʜȽЕɏʅşđҕ˸g 

И 2-2 S-core �ҪϑЩ 

˩ſ Еʅ ƪʅ ƪΥʅ ƪʅĨ˸ 

Top Level  1089 2741 36562 7.54% 

Stream Buffer 991 2498 34995 6.87% 

SRF 4571 9919 153888 27.29% 

Computing core 5906 13318 131121 36.63% 

Star-Mesh 2086 4429 45731 12.18% 

     

Software API 1485 3450 33900 9.49% 

Total 16128 36355 436197 100% 

 

 

ŵ 2-9�FPGA ĳƃηϑ 

И 2-3 Ԍϴ R ş 16 ：vͬȽЕɏʅ 

 FFTkR2 
n=1024l 

FIR(R16 
n=1000) 

ŒҪǫʌş

kn=2048l 
̜̹ӏ̎

kn=2014l 
ĥ： 41040 29465 2072 8182 

16 ： 3470 1370 326 552 

đҕ˸ 11.83 14.21 6.36 14.0 
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ŵ 2-10 ǲ͞ΗǰЩάđҕ˸ 
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Ζēǲ͞Ə͖Ūw¬ľąϿ͂ʄ̻şΙƳȟʌӠͬĆξmʩľą¸̄͢͢ƹҪͬĆ

ξmů˱ľą¶͞ƋͬȅŢʩhΝõgÛǻk2-2lʜΖēдƐľ¸̄͢͢ȅŢͬĐϨ

ӫάЩάÛǻmҔǩΖēǲ͞Ə͖ŪͬĐϨӫά��Ńʯòͫ˺͙głpʌӠm͠}Ζ

ēдƐǡϊĽ�¦ϑ˛Ӡ͢ϲşΤ一ʷ͢ϲȱhi̗ͬЩάǫņmȶ�ΚЦíΖēǲ

͞Ə͖Ūͬ¶͞Ƌ二ӱǅʜЦíʧ΄͓юͬʯʁøØ̹gŵ 2-11 ʜӫ̙ʹ， Gartner ǀ

乎ʵдƐõѓҪͬӫ̙mŅПʶˀΖēдƐõѓҪǅʜ¦ϑ͢ϲͬ 7 Â�ugŵ 2-12

ʜ Gartner ß}ưЛwŏɹ³ηϑͬдƐõѓҪӫ̙m�ŵeŅ�͵õưĤ(Android)д

ƐĨɢõѓҪͬpġ�umǭ]ȶĨ˸·乐ŹwʉɮĠg˱Ɣ͠}ưĤͬṋ̀Ωͦ¶Ȏ

ƗƸŅ�Ğ÷ƹʗͬЉȎрηϑǭǀâ҂Е÷ˉgů˱Ű互íƳӷÓӠŒưĤΖēɹ³

ηϑɮõxpˬ产ȱƗҪy͞ģƏ͖ŪͬΖēǲ͞Ə͖Ū GreenDroid1g 
__ ( )

# _ _ _ _battery
battery capacity

Power Budget
hrs active use between recharges

=            (2-2) 

 

ŵ 2-11�Gartner ǀ¦ϑ PC şΖēдƐõѓҪӫ̙ 

                                                
1 ʷǆϼʩƕÀȢхĵП www.greendroid.org 

11.83 

14.21 

6.36 

14 

FFT FIR ����� �� 
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ŵ 2-12�Gartner ǀưЛwŏɹ³ηϑͬдƐõѓҪӫ̙ 

� � � �_I��B��

hxɨιưĤʜŔҍōy͞ęmʷʇǀưĤѯ�ˑˋ，҂ЕxΫĥͬ÷ˉgŵ 2-13

ǔΉxưĤηϑͬѯ�ˑgâeưĤηϑͬ：Ȓʜpυ͞ C ş C++Ϛëͬĳ͝ѯ�Ǳ

kNative Librarieslmҁ�ѯ�Ǳhηϑɮ¸xƗ乱÷ȶ享ͬʱĒm·ƣıϜfΞŀōȱf

2D ş 3D ŵÏΧĐϰgҁpǑѯ�乐Ęɖ Dalvik Џɓʹ(DVM)1gDalvik ЏɓʹȽЕ͞

ȵǲ͞Ηǰͬ Java �ǭϚ下ąǳǑͬƪϼmЏɓʹɮ¸ͬ Java Native Interface(JNI)

¶Ȏ Java ΗǰŅ�Ҕ之ҁdɩŀ业͞ĳ͝Ǳg 

ưĤǲ͞Ηǰeͬd̻�eҔǩʜ业͞ĳ͝ǱƵ͓ͬmϦdï�eǌŹ Dalvik

ЏɓʹuѽЕgҁt¶Ȏ Dalvik Џɓʹȱhx̻�gҔ之ҁΑѽЕʌǻmǲ͞Ə͖Ū

uƗ乱÷ѽЕ̻ͬ�ҢʜưĤѯ�ˑȶɮ¸ͬg 

ưĤҁ˕ͬç乱ˋ，ǌíƳxηϑѽЕӿǴ¹ќ}pυÞ�ͬѯ�Ǳmŏʔǀ}Ζ

ēǫņ乐ʯpυѲhǩͬ͞äƃǲ͞m·ƣ̚УŪfТ亿ѯ�fӣqɷɿŪşҟ�ǲ͞

ΧΧgҬǀҁ�Þ�Ǳşǩͬ͞ǲ͞ƳĆy͞ C-core ǭ产ȱą GreenDroid eǌŅ�ʝ

Ќ亚®ηϑϰҪ̞ϨgƳĆͬy͞ģƏ͖Ū÷h 2 Αn1lҬǀĳ͝Ǳş Dalvik Џɓʹ

eͬßҵ�҂ЕƳĆmҁΑy͞ģƏ͖ŪŅ�亚®ʆdηϑeȶʯǲ͞ΗǰѽЕʔͬ

ϰҪ̞ϨmʷʇͬƵ仍ИʖҦ͞ҁΑʌǻŅ�̳Źź¶ C-core ǫŽОͯ 72%ͬǲ͞Η

ǰȽЕg2lŹϿ͂ӠΔÐвͬȨîvmŅ�ҬǀưĤ͞ȵ¶ͬ͞ǩ͞ѯ�҂Е҂p˲

y͞ęg；ɢϿ͂ӠΔȨîmҁΑʌǻŅ�̳Źź¶ C-core Оͯǲ͞ΗǰȽЕͬ 80%

͜϶Ņ�ą 95%gǏέҁΑ C-core ǀʩʋ̓ʷőͬưĤηϑŅϰʎ̎¶͞m¬ʜΖē

ψΣдƐãʯѲӿͬʬɡ͐mҔǩ 2 Ǭoçǌ¤ʬɡʋͬдƐmҁǌ¶Ȏˋ，ǤŅ�ə

ϕǹļʋͬ C-core ˀОͯʋ̓ʷͬɹ³ηϑmǭǅϣͬ C-core �ηϑeΖӏg 

�u÷ˉИʖ产ȱ C-core Ņ�ОͯƆ}ưĤͬΖēдƐuѽЕͬǲ͞ΗǰeƗ乱

                                                
1 Dalvik Џɓʹ͝ȱͬƪϼ乐Нé˫КϚ下丽ęhʹŪmȶ�pͲКЪhʜɒȯưĤηϑҕǴͬ；̭m
Ź 2014 Ǭ 6 ʮͬэˮ I/O Ɨ¤umDalvik К ART ȶĽ�m¬ʜʷʇɸëʔ̊ʯǀʋͬ Android ˋ，҂
Есφ÷ˉmȂʔ“˲Рƾĳ͝Ǳ乐ʜƫŹͬg 
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÷ͬ�g˱ƔmӒʣ°έǜϻͬwʉ҂˲mϿ͂uͬʣ°έ个̭ǅ串ˀ串ƕmˋ，

ǤǌŅ�ă͞ʩƕͬ个̭ˀƵ͓ C-corem҂p˲ͬОͯʩƕͬѯ��gƆ}˱ɮõx

GreenDroid Ζēǲ͞Ə͖ŪmƏ͖Ūͬˋ，Пŵ 2-2(a)g 

 

ŵ 2-13 ưĤɹ³ηϑѯ�ˑ 

� � � �-D��A�DB � ÈÆB��

    ʷʇǀ GreenDroid âeͬpd͙͂҂Еxҩ̹ͬ万©mр͙͂ǢǐǢσőͬ̓ŵП

ŵ 2-14g˷pd͙͂ҢʯĘŕҔ͞Ə͖Ū：fʅɢ Cache şɛ� Cache �ĸ͂uϞϏɩ

ŀg˱Ɣҁd͙͂乐Ęŕ 9 d C-coregҁ� C-core ҢʜҬǀưĤͬ 2D ŵÏǱk7 dm

Ҭǀͬ libskialfJPEGЦıϜ(1d)şȘҕÍҨŉĿɡ(1d)ĐϰƳĆͬg¶͞TSMC 45nm

ǜϻmҁ� C-core ¶͞x 0.58mm2 ͬϿ͂ӠΔmʜҁd͙͂ӠΔͬ 58%g 

 

ŵ 2-14�GreenDroid epd͙͂ͬ̓ŵ 
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ŵ 2-15 ǔΉx GreenDroid 产ȱ C-core őǀϰҪ̞Ϩͬ£ęʁˊgǝѷʜǲ͞Źi

Ə͖ŪuѽЕʔϰҪ̞ϨͬǫŽÆmňѷhŹ C-core uȽЕ乱÷ͬϰҪ̞ϨǫŽÆgϼ

ξͬϰҪiНˀϵ}bʌӠn1lΗǰŹ C-core uȽЕw享НĽɛf下�ĸƼƫŪʇ

�Χͳßҗ久mҁ˕Ņ�¶ϰҪ̞ϨñǇ 56%o2lłƔ 35%ͬϰҪϼξˀϵ}ƳĆͬ

C-core ʅɢҔѩgΗǰŹ C-core uȽЕ˷ʿɛ�ͬǫŽϰҪ̞Ϩ� 91pJ Ŀh 8pJg 

 

ŵ 2-15�GreenDroid ηϑ产ȱ C-core őǀϰҪ̞Ϩͬ£ę 

hxɮĠ C-core ǀʆdηϑͬ£ęʁˊmˋ，ǤǌНwʉɮӿΗǰŹ C-core uѽ

ЕͬОͯ͐gОͯ͐ͬɮӿȫŝǅН产ȱʩƕͬ C-coremҁǌǦˀxϿ͂ӠΔͬǹҲg

vpǆϼҔ之pdƵӇ·ƨˀ万©ӠΔǹҲͬƗǆg 

� � �`¡§�Òp 4 �DB#��

̚УŪʜΖēдƐʭҩНͬǲ͞m；ɢǎǈˡkNielsenl2011 ǬΖēдƐѽЕͬ

ǲ͞÷ˉmưĤʤϰȸʹ͞ȵЀїx 31%ͬʔ于¶̚͞УŪmǭ]ǀ}Đϰʹˀ且̚У

Ū͜϶ʜŧpͬǲ͞Ηǰgů˱̚УŪw¬ʜΖēдƐuѽЕʔ于Ѳ予ͬǲ̞͞ϨѲƕ

ͬϰҪmϦ]͠}̚УŪǕ}ɪĆƑʺfǭЕȟѲǟͬǲ͞mѲhҍō C-core ͈̹g 

� � � �_I�ÒpB��

hx͖ЦưĤ̚УŪͬǜ³Ȩîmʷʇ¶͞ΗǰĊˉŪ(profiler)ˀ÷ˉΗǰѽЕg

ʷʇ¶͞Ɔ} QEMU ͬưĤ˩ɓŪˀɲǸƱʆͬưĤηϑmĘɖưĤÞ�ǱfDalvik

Џɓʹ�ĸ Linux ç：g¶͞ Trace ͬʌ̎一ȃȶʯ CPU uȽЕͬσΗeͬ˷pʿɛ�g

ҁ�ɛ�Ęɖxˀϵ}ĳ͝ǱfDalvik Џɓʹş Linux ç：eͬ�gʆdǲ͞Ηǰ÷

ˉͬ之ΗƱÙw享НÁɽǲ͞Ηǰͬ�m��享НÁɽ˩ɓŪǭ̦đp�͞}ϑЩͬ

�g 

ʷʇ¶͞Áɽ之ͬưĤ˩ɓŪˀҩ̹÷ˉx̚УŪе二ϞΠʔͬȽЕȨîmе二ͬ

ϞΠĘɖǅ乎 20 dǩПͬϞΠm·ƣ GooglemgmailmGoogle NewsmGoogle Financem

Amazon, Google Docs ΧΧgʷʇмŵ÷ˉõ�vÀȢn1lӝȜɛ�ʅҪmtǌʜ̚У
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ŪȽЕȶ¶ͬ͞�˵pÞʯƕǇʿӝȜͬɛ�mҁdɛ�ͬʅҪíƳxʭψ͝ȱͬ

C-core ͬӠΔo2lσΗßηmȅŢx C-core ͬ÷Ǣo3l�Þ�şǭļȽЕmȅŢx

C-core ͬƑĆo4löʅ业͞ŵfӝȜöʅʅҪ�ĸӫʵȽЕОͯ͐mҁ�ůθíƳx

C-core ͬʅҪg 

ŵ 2-16 ʜɜ̾Ǳ÷γͬǲ͞ѽЕʔ于Ĩ˸ŵgpġ�uͬѽЕʔ于ҢКÊ̫ˍ͞

ͬ libwebcore Ǳ̞Ϩfâ²ŵȄǱ libskia Ĩ͞x 10%ͬѽЕʔ于flibc ǱĨ͞ 9%fDalvik

ЏɓʹǱ libdvm Ĩ͞x 8%flinux ç：Ĩ͞ 7%ΧΧg�ŵeŅ�͵õ̚УŪѽЕʔm

Ɨ乱÷ͬѽЕʔ于ҢʜКŌΑŌ˕ͬĳ͝ǱfЏɓʹşç：�Ĩ͞gˋ，ǤŃНǅҁ

乱÷�Ά�ęmǌŅ�¶Ȏ C-core ОͯΗǰƗ乱÷ͬȽЕmҁ˕ǌŅ�ƗǪǴͬɮӿ

ηϑͬϰҪʁ͐gɡŁ与且mƗҪ产ȱ C-core ͬҁΑʌǻŅ�ʯʁОͯ̚УŪȽЕmҁ

tжʖx CoDA ˋ，͖七uʜҍōʧ΄ʔ�ͬΖēǫņƏ͖Ūg 

 

ŵ 2-16 ɜǱ÷γͬȽЕʔ于 

ŵ 2-17 ʜӝȜɛ�ʅҪxēȜȽЕʔ�Оͯ͐o于ͬßηg˪žːʜӝȜɛ�

ͬʅҪmςžːʜēȜȽЕʔǀǲӝȜɛ�Ņ�ОͯƕǇȽЕɛ�ʅgʷʇÓɆӝȜɛ

�˵ɜ̾ēȜȽЕʔКȽЕͬ˫ʅ҂Еɦǰm̽ő�ӿą®ґ˫ϑЩg͠νϺʨσŅ�

͵õmþǹƤ͠}̦đͬӝȜɛ�КҩƑȽЕ˫ʅѲƕmȶ�Оͯ͐ƌ予ѲȘooő̦

đͬӝȜɛ�КҩƑȽЕ˫ʅѲ®mȶ�Оͯ͐ƌ予ϙȯgŵeήƛȶɛ̹ͬhОͯ 90%

ēȜȽЕʔȶ享НΆ�ęͬӝȜɛ�ʅmƗξh 84000 ʿǝňgҔ之Щά 2.1 ǆϼe

C-core ǫŽƵ͓pʿ͈Ƴɛ�ȶ享ͬΆ�个̭mˀ 万©Ά�ęҁ 8 sƕʿɛ�ȶ享Нͬ

个̭gʭő万©õŹ 22nm ǜϻvƗ˥享Н 7mm2mϤЎąͱĉŨͬ͞Ə͖ŪƗξãʯ

100mm2 ǝňͬ Die ӠΔm�ĸ¶͞ʶˀʋǜϻoőʣ°έƽǴƌđmϿ͂个̭ǲрʜ

Ņ�̯ѥΆ�ęͬ享̀ͬg˱Ɣm͠}Ά�ęȶҬǀͬҢʜÞ�ͬĳ͝ǱfЏɓʹşη

ϑç：mҁ�Ά�ęőͬ个̭tʜŅ�Кâ�ǲ͞ΗǰÞ�¶ͬ͞g 

libskia,!10%!

libc,!9%!

libdvm,!8%!

Kernel,!7%!

libcrypto,!libz,!!
libchromium,!

libcuNls!

Other!

V8,!32%!

HTML/!
Layout,!21%!
Other,!4%!

libwebcore)58%)
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ŵ 2-17 ӝȜɛ�ʅҪxēȜȽЕОͯ͐ßηŵ 

 

ŵ 2-18 ŌdȽЕ乱÷ΏʯöʅxÞ�öʅ˸·ßη 

˱ƔmʷʇǀӝȜöʅxȽЕОͯ͐t҂ЕxϑЩmȂОͯ 90%ͬ�ȽЕʔm享

НʯƗξ 1200 dӝȜöʅoϦОͯ 80%�ʔ享НƗξ 625 dӝȜöʅgҁ�ӝȜö

ʅʅҪíƳx͝ȱͬ C-core ͬʅҪg 

ŵ 2-18 ǔΉxȽЕŌdĐϰ乱÷eΏʯöʅxÞ�öʅo于ͬßηşʅҪm�e

Ņ�͵õΗǰƗ乱÷ȽЕ享Н¶ͬ͞ҢʜÞ�öʅgдЩǤ��享Нǅҁ�Þ�öʅΆ

�ęǌŅ�ЉȎѲӿͬ�Оͯ͐g 

� � � �B�� è¥qB��

ʷӷÓҔ之 GreenDroid ÷ˉxưĤΖēǫņͬˋ，mļ͓ҁdǫņƗ乱÷ͬǲ͞

ѽЕҢʜƆ}Þ�ĳ͝ǱşЏɓʹͬgŃНǅҁ乱÷�Ά�ęmǌŅ�̳Źź¶Ȏǲ

͞ΗǰŹy͞ģƏ͖ŪuѽЕʔ于ĨąȠʔ于ͬ 72%głƔm乐Ņ�ҬǀưĤηϑ̗Е
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ͬ APP дЩʩƕͬ��ҍ͞}ҁ� APP ͬy͞ģƏ͖Ūm�¼Оͯʩƕͬǲ͞ΗǰȽ

Е乱÷gҁ˕Ņ�¶y͞ģƏ͖Ū̳ŹźОͯ 80%͜϶ 95%ͬǲ͞ΗǰȽЕg 

³hǀu҉͖七÷ˉͬЗÒmʷϼ�̚УŪhƵ·ҩ̹÷ˉx̚УŪͬȽЕȨîm

�ĸΆ�ę̚УŪȶ享Ά�个̭gҔ之ʷǆϼͬ÷ˉmͼҚǅǲ͞ΗǰΆ�ęǭЉȎѥ

Ɩӿͬ�Оͯ͐ŹΆ�个̭ͬХǴˀ且ʜѲhŅЕͬgηϑe产ȱ 1000 dǝňͬ

C-core ǭ]Ĩ͞Ͽ͂个̭ͬpǆ乱÷ǌŅ�ОͯҩНǲ̚͞УŪͬƗ乱÷�ȽЕmǭ

]ҁ�Ά�ęͬ�Ɨ乱÷ҢʜÞ��mtʜâ�ǲ͞享Н¶ͬ͞g 

ʷ�bdǑ˫÷ˉx CoDA ǀǲͬ͞ҍ͞ȟgΦpmͱĉѯ�ϚΗƗƕƆ}Ǳö

ʅşâ�p�Þ��mǅҁ乱÷�Ά�ęǭ产ȱą CoDA ˋ，ǌŅ�ОͯƗ乱÷ѯ

��ͬȽЕmȶ� CoDA ˋ，ҍōҁΑѯ�ˋ，gΦ|mҔ之万©Ά�ę̚УŪȶ享

ͬϿ͂个̭mļ͓¶͞Ņɩľͬ΄ӠΔǌŅ�Оͯǲ͞ȽЕgҁǌжʖx CoDA ҍ͞}

ǲ͞mǭŅ�ҍǲʧ΄ʔ�Ͽ͂个̭͈̹g¬ʜ产ȱҁ� C-core t¤ǦˀƗҪͬ产ȱǹ

Ҳm·ƣ�乔fƫÎ�ĸ̱͢ĐϨΧΧgҁ�ǹҲǀηϑʆ°ϰҪʁ͐ͬȅŢǅʜʷʇ

oőɨιͬҩ̹g 

� 	 �c¼�

ʷǆϼӷÓ�ωxÙʇͬƆmöʅδǴy͞ģƏ͖Ū C-core ͬϵē͝ȱǜãұf

Ά�ό，f产ȱʌ̎fΗǰ为丽ȽЕ�ĸ C-core ǀϰҪʁ͐ͬȅŢg万©ļ͓ǀ}ĥd

ǲ͞mŹҔ͞ˋ，e产ȱ C-core ǌŅ�ϼξ̙мΗǰ 70%ͬϰҪ̞Ϩgâ˫mҬǀˌ

�͈˴ͬfҍō̗Щάͬfãʯ͝�ϥ̞їϥǐ乱ȟͬĐϰöʅɮõx S-core ˋ，gé

˫mҬǀȂĉΖēηϑѺ͍ļǔ�ĸ̄͢¸͢дƐͬ些ĆmҎɕưĤηϑ҂Еx÷ˉg

÷ˉļ͓Ɨ乱÷ǲ͞ΗǰʜƆ}ĳ͝ǱşЏɓʹͬmŃНɆҁ乱÷ѯ��Ά�ęǌŅ

�¶Ȏy͞ģƏ͖ŪОͯǲ͞ѲƗ乱÷goőmʷ�ưĤ̚УŪ³häƃǲ͞҂Еx

ҩ̹÷ˉmļ͓ CoDA ·Ƶҍ͞}ưĤηϑǭ]Ņ�ҍ͞}ʧ΄ʔ�ͬΖēǫņƏ͖Ūg

ʷʇ乐÷ˉx SiChrome ȶ享Ά�个̭mʷʇЪhʶˀϿ͂͂u个̭ʜŅ�̯ѥȶɮõ

ͬˋ，ͬmҁtʜőϕϼΚ CoDA ͬҩНƆg 

ʷΦpǆϼçƹˀ̭}ʇ͏[5, 13, 19]m�ĸʷʇ³ϥĵxͬǀ C-core ό，҂Е£ę

ͬőϕǜ³mĘɖ҂p˲Áɽx C-core eͬƕʔҭŜʵѩȊfѽάŪ҂ЕxГōf̯ѥ

�ɡȍͬѽάҔѩ҂ЕxʩƢͬѩȊǫЖΧΧgΦ|ǆϼˀϵ}³ϥĵxͬ 863 Ӧͱ�

ĸļИͬ七ʇdAn Evaluation of the Many-core Longtium SP Computer SystemegΦtǆ

ϼşΦŭǆϼļИ}七ʇdGreenDroid: An architecture for dark silicon ageeşdSiChromen

A Silicon Browser”g 
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Equation Section (Next) 
3 �B�� lxdqok��

 
Źʧ΄ʔ�mϿ͂ˋ，Ǥҙą串ˀ串cҩͬ¶͞Ƌ二ӱm¶ȎŒҔ͞Ə͖Ūˋ，e

产ȱӿϰҪʁ͐ͬy͞ģƏ͖Ū串ˀ串ľąß̑g¶͞y͞ģƏ͖Ūˀҍǲʧ΄ʔ�ͬ

ßҵʜnĬ¶ǀ}ƗС˩fƕ˕źяѱˀ且mtНϰʯʁ亚®яѱȽЕ之ΗͬϰҪ̞Ϩm

ҁǌ享НŹˋ，eă͞ʧ΄ˀ产ȱƗҪͬy͞ģƏ͖Ūgĉʇͬǜ³жʖx CoDA ǀΗ

ǰͬҍ͞ȟmʷʇőϕϼiНˀΚƣ±ʯʁźŹ CoDA ˋ，e产ȱȱͫuğͬy͞

ģƏ͖Ū�ĸ产ȱҁ�y͞Ə͖ŪoőηϑͬϰҪʁ͐şȾǔȟ二ӱg!

˱Ɣ CoDA ˋ，t¤Ǧˀß}y͞ģƏ͖Ūǀǲ͞ȽЕОͯ͐�ĸ¶͞˩ƃʌӠͬ

二ӱgҁ�Ң享Нǀ CoDAˋ，҂ЕѲh�φͬΚg¬ʜ CoDA ό，ƑʺmŅ�ҎĽ

ͬдЩĵʅѲƕʀϦƫŹƗҪ CoDA ͬŅЕдЩşƵ͓mRTL Ƶ͓fϗōǭ�Ͷȶʯҁ

� CoDA дЩƵ͓ʜwŅϰͬgȶ�ʷɮõxpΑ÷ˉ CoDA ˋ，ȟϰfӠΔşϰҪ

ʁ͐ͬ÷ˉ万�˩ƃmǭɭ҉xҁd˩ƃͬĵʅΛ于mvpǅ¶͞ҁd÷ˉ˩ƃˀɨ

ι CoDA ˋ，g!

ʷͬiНçƹƣvnΦpǆϼɭ҉x CoDA ƕϖŅȾǔˋ，fϰϨέ͖ΩͦşȽ

ЕΩͦoΦ|ǆϼɭ҉ CoDA �Оͯ͐şͱːǲ͞яѱoΦtǆϼɭ҉ʷʇɮõͬ

CoDA÷ˉ˩ƃoΦŭǆϼɭ҉ CoDAдЩͬĵʅΛ于gΦ�ǆϼǀʷ҂ЕxȠόg!

� � �B�� ���

ҬǀƗС˩ǲ͞яѱȶдЩͬãʯǯ̏ҍǲȟͬ CoDA ˋ，eǅĘŕȱͫuğͬ

y͞ģƏ͖ŪmН̀ʷʇɮõpΑƕϖǴŅȾǔͬ°ηˋ，gʷǆόǅɭ҉�vçƹn

1lhx¶ CoDAдЩϰƖОͯѲƗС˩ͬǲ͞�ĸʩƢͬҍǲǲͬ͞wŏ͈̹mCoDA

дЩȶҦͬ͞ƕϖŅȾǔˋ，o2lCoDAˋ，ͬϰϨέ͖Ωͦmǭɭ҉x˷pd：Ңʜ

ƣ±К̹�ͬo3lɭ҉xʷʇ CoDAˋ，eΗǰȽЕ业ǴΩͦg!

� � � �\Àlxd B�� ���

ƗС˩ CoDA ˋ，ȶɻəͬǲ͞ΗǰãʯŌΑwŏ͈̹ͬgʯͬΗǰ享Н¶͞ʩƕ

ʅҪͬy͞ģƏ͖ŪmϦʯͬΗǰ��享Н¶͞òdy͞ģƏ͖Ūoʯͬy͞ģƏ͖Ū

ѲƗmʯͬģƏ͖ŪѲǆmwŏģƏ͖Ūo于ŅϰãʯòÂͬӠΔǟѦgy͞ģƏ͖Ū

ͬ÷Ǣt¤ǀ CoDA ˋ，ͬȟϰfϰҪ̞Ϩ�͝ȅŢg˱Ɣmi̗͙ͬ͂ęƕ：ˋ，享

Н͙͂ͬӠΔƗϷͳΧgŹҁ�享̀ξʾvmCoDA ˋ，享НŹƕdwŏͬϖǴuɮ¸

ŅȾǔȟmȹϰ̸ͬ̕ҍ͞}wŏǲ͞Ηǰ产mǭɮӿηϑͬϰҪʁ͐gŵ 3/1kalǔ

ΉxʷʇΚͬ CoDAдЩͬӿǑ˫ˋ，mvʇ÷Ǒ˫�ωҁdˋ，ͬŅȾǔȟg!

Ź͙͂ȾǔϖǴkTile/core! Scalinglumʷʇͬ CoDA дЩŅ�͠wŏʅҪ͙ͬ͂

，ȱg͙͂Ņ�ʜwŏƏ͖Ū：产ōmtŅ�ʜ|ο Cachegƣŵ 3/1kalȶΉmCoDA

ˋ，eҁ�wŏʅҪ͙ͬ͂乐Кυχȱƕd͢ıƄkVoltage!Domainlg˷pd͢ıƄҢ
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Ęŕpdȳƕdѽά͙͂şpdÞ�ͬ|ο Cache͙͂gҁ�͙͂o于ͬҔЯ¶̹͞ą

̹ͬfА̓ѩͬ͠ 2D/mesh͖͆�乔ϞϏmϦwʜЏɓҔҚg¶͞ 2D/mesh³h͂uϞ

ϏʜůhҁΑϞϏãʯѲƢͬ¢：ȾǔϰĎmҁ¶Ȏ CoDA Ņ�产ȱʎ些͙ͬ͂҂Ϧ产

ȱʎ些ƕͬy͞ģƏ͖ŪmƗƗȾǔxɨιΛ于g!

  

ŵ 3-1�(a) CoDA ĳƃ (b) κϩōͬy͞ģƏ͖Ū产ȱ 

Ź͙͂ç乱ȾǔϖǴkIntra/Tile!ScalinglumCoDAe˷pdѽά͙͂ҢŅ�Ęŕʅ

Ҫwŏͬy͞ģƏ͖Ūmtǌʜ͙͂çy͞ģƏ͖ŪͬʅҪŅȾǔghx¶ϚΗ˩ƃ¿

əwĿmдЩw¬享Н¶y͞ģƏ͖Ūæƹöʅ业͞ ABI乐НЬy͞ģƏ͖ŪxҔ͞Ə

͖ŪÞ� CacheˀҜÖwȓНͬʅɢ业Ǵgҁ˕Ź͙͂ç乱iƏ͖Ūşy͞Ə͖ŪҔ之

pυ˓ȄϞϏ乔ɩ CachemǭŹŏpʔĈ��ÐвpdƏ͖Ūе二 Cachem¶Ȏ͙͂ç

Ȅȱxǐ乱ƕ：ˋ，g产ȱͬy͞ģƏ͖Ū串ƕmCacheе二ѩȊuͬƕҎŪtǌ串Ɨf

Ƕ҅串予mҁξʾx͙͂çŅ�产ȱy͞ģƏ͖ŪͬʅҪu些gƣˊ产ȱͬy͞Ə͖Ū

ʅҪƙƕmʎ̎Źpd͙͂ç产ȱmҞm享НŹӿǑ˫ƌđ͙͂ͬʅҪgŵ 3-1kblǔ

Ήxpd͙͂ç乱Ōd乱�ͬ�乔ȨîgƣŵȶΉmѽά͙͂e乐ʯpϷͬ L1 ɛ�ş

ʅɢ CachempdēȜ�乔ϞϏѩ͠giƏ͖Ūxy͞ģƏ͖Ūͬ乔ɩt¶͞˓ȄϞϏg!

Źy͞ģƏ͖ŪȾǔϖǴkIntra/Coprocessor!Scalinglum˷pdК产ȱą CoDAˋ

，eͬy͞ģƏ͖ŪҢŅ�ʜǺ，ͬmǭ]ҁ�Ǻ，ͬy͞ģƏ͖ŪͬƗǆşɻəͬĐ

ϰҢwͳŏgʯͬ��ɻəòdΗǰƆʷſmʯͬŅ�ɻəòͫdΗǰƆʷſg˱Ɣm

ˋ，Ǥ乐Ņ�；ɢ享НҔ之Ϛ下£ęşȸǜ�£ęˀɛǂy͞ģƏ͖ŪͬдЩƵ͓g

·ƣmҔ之çϪöʅkinlinelŅ�¶Ȏy͞ģƏ͖ŪĿƗmǭñǇΗǰŹiƏ͖Ūşy

͞ģƏ͖Ūo于ͬ为丽˫ʅg!

ѽЕŹˌp͙͂uͬσΗŅ�¶͞р͙͂ç�±pdy͞ģƏ͖ŪoƣˊрσΗ享
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Н¶͞р͙͂ç̊ʯͬâ�y͞ģƏ͖ŪmσΗ享Н义ΖąĘŕр͈Ƴy͞ģƏ͖Ūͬ

͙͂uȽЕg̫ ʇwǀ͙͂çƕdy͞ģƏ͖ŪŏʔȽЕ�ɻəƕσΗͬȽЕ˩ǻ҂Е

Ы七m¬ʜрΑȨîŅ�Ҕ之̵̕ƕd͙͂mǭ¶Ȏ˷pd͙͂ȽЕpdσΗͬʌǻ҂

ЕОͯg!

Ź CoDA em̩ pd͙͂çͬƏ͖Ū：е二р͙͂çpο Cache ͬǶ҅xр͙͂e

产ȱͬy͞ģƏ͖ŪʅҪşˌpdɛƳͬy͞ģƏ͖Ūxpο Cache o于ѦʯßmϦ

L1 Cache ͬе二Ƕ҅ʜȅŢƏ͖ŪȟϰͬßҵůθgѲƗӠΔ͙ͬ͂͠}产ȱʩƕͬy

͞ģƏ͖Ūm¤ǂϷ L1 Cache е二Ƕ҅đƗmҁǅ些ĆƏ͖ŪͬȟϰgłƔŹƵӇǲ

͞em͙ ͂çͬȶʯy͞ģƏ͖Ūȳϥwŏ͙͂ǀƫÎŪό，şƫÎŪǶ҅ͬʂȬΗǴ

ҢwͳŏgŹ CoDA дЩem͠ }͙͂çŅϰ产ȱѲƕͬy͞ģƏ͖Ūm̫ ʇҔ之 Profile

ͬʌǻˀɮĽ˷dy͞ģƏ͖ŪǀƫÎǦƺşǶ҅ʂȬΗǴͬ享̀m̽ őǅ享̀Ѳӿͬ

y͞ģƏ͖ŪɿŹѦpοʅɢ Cache Ѳ乎źʌmϦ享̀Ѳ®ͬɿŹѦpοʅɢ

Cache Ѳ҃ͬźʌgрʌ̎w¬Ņ�ñǇσͬȠ予Ǵm亚®ƕѩҎɕŪͬĐϨǭ]͠}

σǶʔͬϜͽñǇǀȟϰͬȅŢgҁΑʌ̎xҦ͞ǀΕźƕѩҎɕŪmǭɮ¸ͳŏͬƫ

ÎŪǶʔͬЦíʌ˚ãʯʷ两ͬĝĄg!

CoDA ˋ，¶Ȏ�òpwŹҔ͞iƏ͖ŪuѽЕmǭ]ηϑeiƏ͖ŪͬʅҪΧ

}͙͂ͬʅҪgů˱iƏ͖Ūͬȟϰͳǀ}iƏ͖ŪͬΫĥȟˀ且mʝȎwҞmҩН.

ů˱͙͂çͬiƏ͖ŪʭƢҎ͞ӿϰҪʁ͐ͬӧǰȽЕƏ͖Ūmǭ]ɻəȘҕ�̤Ǵ¡

ͷŦҥgʷʇдЩeȶҦͬ͞iƏ͖Ūʜæƹ MIPS ͬ MIT Raw Ə͖Ū[72]gҔ͞iƏ

͖ŪҔ之˓Ȅ�乔ϞϏŅ�е二y͞ģƏ͖Ūç乱͊ȜƼƫŪmǭҔ之шëҁ�͊ȜƼ

ƫŪˀɪĆģƏ͖ŪͬѽЕg!

� � � �B�� ÈÆ·¢¶¦�

! ! ! ! ʷʇɨιͬ CoDA ˋ，ɻətΑĐϨşϰҪέ͖ʌǻm÷Ąʜƕ͢ıƄf争ɪ̭͢

ş争ɪʔҭgʷǆϼǅɭ҉ҁ�ĐϨşϰϨέ͖Ωͦͬã°ǲ͞Ȩîm�¼шϥʩƢź

͖Ц CoDAдЩx¦ϑˋ，ͬ：ȒǟĄǭʩƢ͖ͬЦh�m CoDAŅ�ҍǲʧ΄ʔ�g!

Ҕ之Ź CoDA ˋ，eǼØƕd͢ıƄkŵ 3-1(a)eЏσ乱÷lǅʆd͙͂五ûú÷

hƕdǆ五ûg˷pd͢ıƄҢʯϵǠ̭ͬ͢ϞϏkpower raillmǭ¶͞Ͽ͂Ɣͬ͢ı

ɪĆŪkvoltage regulatorlˀɪĆҁ�̭͢ϞϏgҔ之Ҧ͞ҁΑдЩ¶ȎηϑŅ�ƱÙ

ßʉw享Н¶ͬ͢͞ıƄmҁ˕Êͬ��ʜσΗǅwŅ�éă͞âƮßʉͬ͢ıƄeͬ

|ο Cache个̭ghxɨι CoDA ˋ，ͬдЩΛ于mʷʇÈƳìć Cache ş¶͢ıƄu

͢ȳɤ͢享НòͫȐΓͬʔ于mɽĿ̵ͬ̕͢ıƄ��ļ͝Źɹ³ηϑǀǲ͞҂Е业Ǵ

ʔg!

ˋ，ȶ¶ͬ͞争ɪ̭͢ãʯ̤ǴͷͬϰĎǭ]u͢şʉ͢ȶ享ʔ于tşɹ³η

ϑ业Ǵʔ于γ«gCoDA ˋ，�ǲ͞ΗǰhδǴҤϟ享Нuͬ͢y͞ģƏ͖Ūghxӿ
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ʁͬέ͖̊uͬ͢ҽϟ个̭mηϑ¶Ʈ�ŹԉЪ͊ȜvƏ}̤Ǵͬßʉ̭͊͢Ȝmɹ³

ηϑ；ɢǲ͞�ĸǭļȟˀҤϟÞ�个̭gůhǲ͞Ηǰ享Н¶͞Ť�y͞ģƏ͖Ūã

ʯӿǴͬŅӫ̙ȟǭ]ҁ�y͞ģƏ͖Ūǌʜ；ɢǲ͞Ϧ͝ȱͬmȶ�ŹΗǰȽЕ之Η

e享НŦҥy͞ģƏ͖ŪͬȨîwϊǩļ͝gƗ乱÷Ȩî��享Нɹ³ηϑŹ业ǴΗǰ

ȽЕʔ҂ЕҤϟgɹ³ηϑͬ业Ǵʔ于x͓Źǩͬ͞争ɪ̭͢Ʌʸ[73]�ĸʩh̵҂ͬ争

ɪ̭͢Ʌʸ[74/76]ãʯγ«ͬʔ于g!

CoDA дЩ乐ϤЎx争ɪʔҭͬ¶͞gůhpdǲ͞ΗǰŅϰ¤¶͞ƕdy͞ģƏ

͖ŪmϦ]¶͞ŅϰʜfЕͬgҁ˕Ə}ҽϟ͊Ȝͬy͞ģƏ͖ŪmƣˊşȂĉѽЕȳ

˰Ź业Ǵͬǲ͞ʯßý¶ƮƏ}争ɪʔҭßʉ͊ȜoƣˊʎßýƏ}ßʉ̭͊͢Ȝgҁ

ΑȄǻşʭʋͬƆ} big-LITTLE ˋ，ͬΖēǲ͞Ə͖Ūγ«[17]gҔ之ҁ˕ͬʌǻmŅ

�ŹѲεͬδǴuϼξƗҪϰҪ̞Ϩg!

! ! ! ! ˱Ɣmʷʇͬ CoDA ˋ，ŹŏpʔĈm˷pd͙͂ç乱�ʯpdȽЕĥÑƏ}̵̕

ͬ͊ȜmрȽЕĥÑȳϥʜiƏ͖Ūȳϥʜˌpdy͞ģƏ͖Ūg!

 

ŵ 3-2�°ϬŻͳʹҺÔ̶!

hxʩḩʢͬǀ CoDA ϰϨέ͖Ωͦ҂Еɭ҉mʩ̧ʢźИ么 CoDA ϰϨέ͖Ω

ͦxoĉ¦ϑƕ：/¢：ˋ，ͬĝĄm�ĸʩ̧ʢźϑpɭ҉ĐϨέ͖fCoDAˋ，şΗ

ǰȽЕo于ͬϪηmʷǆϼ�°ϬŻͳʹҺÔ̶h·҂Еγ˸且ʖg!

ŵ 3/2ʜѥ͕^ͤ˃˸中͓ŻР¢ǧͬҺÔ̶gƣˊɆҺÔ̶ҺÔͺ于ͬÔ�ǀǲ

h CoDA eͬƏ͖Ū：u͢őŹȽЕΗǰmҞmŵe付ʧͬźʌǌͳȂ}亮̵̕ĝƄm

tǌʜ CoDA eˌ�Ə͖Ū：ȶŹ͢ıƄ̊ʯ¸͢gҺÔ̶Ô�ŜŲ乐ʯp�̷Ϻͬĝ

Ƅmҁ乱÷ĝƄǀǲ} CoDA ˋ，e͢ıƄu͢¬ʜК争ɪ̭͢ßʉ̭͢ȳϥК争ɪʔ

ҭøʉʔҭͬĝƄg!

CoDA uѽЕΗǰͬ之Ηx°ϬŻҺÔ̶Ô�õ͓之Ηtʯͳ«oƏgŹ͕śØŻ

oĉmР¢ǧp͂付ʧm˱ʔǀǲ} CoDA ˋ，þu͢ʔԉЪȨîvҢƏ}ʧ΄͊Ȝg

͕śØŻoőmp乱÷Ȭà临ͬ�ǅͳʹȻǹðƐɏ̾m˱ʔǀǲ}ɹ³ηϑ业ǴΗǰ

ȽЕǭǅΗǰȽЕȶ享ͬy͞ģƏ͖Ū：ȶŹ͢ıƄu͢g͠ }ΗǰͬȽЕ之Ηȶ享¶

ͬ͞y͞ģƏ͖ŪƗ乱÷Ņ�ӫͼmȶ�˱ʔɹ³ηϑǅΗǰН¶ͬ͞Ə͖Ū：ϟ}ß

ʉʔҭͬ͊Ȝmҁγ«}°ϬŻͬˌ�Р¢˱ʔǡϊġɜxȘ争gu͢͢ıƄeΗǰw

¶ͬ͞Ə͖Ū：享НƏ}争ɪ̭ͬ͢争ɪ͊ȜvgCoDA ˋ，eͬΗǰŹwŏy͞ģƏ
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͖Ū于为丽ȽЕmȽЕąͬƏ͖Ū：ǌ¤Ȼǹ争ɪʔҭ҂Е˰ǩЩάmǀǲ}ƱÙɜv

Ș争ҺÔ̶ǹŗgΗǰ为丽ąvpdƏ͖Ū：ȽЕőmȂĉͬƏ͖Ū：é˫Ůą争ɪʔ

ҭͬ͊ȜmͲąvpdΗǰКɹ³ηϑ业Ǵgҁd之Ηγ«°ϬŻР¢ǧuҺÔ̶wË

ͬ̿̿Һ̺g!

� � � �B�� wÍ¶¦�

͠}ʷʇͬ CoDA дЩȶҦͬ͞y͞ģƏ͖ŪҢæƹΗǰ业ͬ͞|҂Ćɩŀ ABI ǭ

xiƏ͖ŪÞ� Cachemȶ�ʎ享ǀӿǑ˫ϚΗтШϚëͬΗǰ̭�҂ЕÁɽg!

Ź CoDA ˋ，emΗǰŹy͞ģƏ͖ŪşҔ͞Ə͖Ūo于为丽ȽЕghxŹΗǰe

ɯØҁ�为丽mCoDA ͬϚ下Ū享НÁɽy͞ģƏ͖Ūɻəͬöʅ业͞ɩŀ ABImÁɽ

ͬçƹʜ̦đpdʋͬ÷ɻтŁgҁd÷ɻтŁˠˎy͞ģƏ͖ŪʜŔƫŹǭΛҽgƣ

ˊģƏ͖ŪƫŹǭΛҽm�Ņ�为丽ąģƏ͖ŪȽЕoϦȂģƏ͖ŪwƫŹȳϥȗͬ

ȨîvmΗǰŅ�ϒϕŹiƏ͖ŪuȽЕʶϊÁɽͬѯ��g�â�Ηǰ乱÷ͬХǴ

ˀ͵mҁ�Áɽőͬöʅ业͞ɩŀ乱÷şĳˀͬ业͞ʜpϷͬg� CoDA дЩͬТХˀ

且ҁΑpϷȟʜȓНͬtʜдЩͬƆgҁΑpϷȟt¶Ȏ CoDA ��ʜϚ下ŪŅПͬm

Ϧǀ}Ηǰśˀ且ʜ习ʖͬgCoDA eēȜˠˎΆ�ͬʹĆt͞ˀЦíƕdσΗǀ͈Ƴ

y͞ģƏ͖ŪͬΡzfʯϝӐͬ乱��ĸæƹϣ�şϣͬΆ�g!

ȂƕdΗǰȳϥσΗŹ CoDA ˋ，eǭļȽЕʔm��Ņϰ¤Ρz͈Ƴͬy͞ģƏ

͖ŪghxЦíҁd二ӱmʋͬöʅɩŀŅ�ˠˎȶ享ͬģƏ͖ŪʜŔŅ�ЉȎǭ]Ņ

�ŹσΗ义Ζ之ˀoĉӫƳҁdģƏ͖ŪgƣˊģƏ͖ŪwŅЉȎmʋ业͞ɩŀŅ�业

͞ĳˀŹҔ͞Ə͖ŪuȽЕͬ�ϒϕŹҔ͞Ə͖ŪuȽЕgƣˊ CoDA ˋ，e¶ͬ͞

ģƏ͖ŪɻəuvʇøɡkÏ Conservation cores [5, 13]lmҞm CoDA ͬϚ下Ū享Н͝ȱ

ӳƔͬ�¶ȎǡϊǹƤȽЕͬy͞ģƏ͖ŪŅ�Źѯ�享НͬʔÄόʾȽЕg!

ʷΚÈдȶʯΡzy͞ģƏ͖Ūƚ丢ͬΗǰȳσΗҢŮąiƏ͖ŪuϒϕȽЕm

Ͳąvp˫业͞y͞ģƏ͖Ūg!

� �  B�� eZ¢poßå�

ʷϼӷÓ�ω˩ƃȶß̑ͬy͞ģƏ͖Ū C/coremҁ乱÷çƹʜǀΦ|Ϋ�ͬЗ

Òg˱Ɣʷʇͬ˩ƃtҍ͞}ȶʯâ�γƃͬy͞ģƏ͖ŪmŃН��Ņ�şiƏ͖Ū

κϩō产ȱǭ]Þ�ӿҕϙƫooőmʷǆό乐ɭ҉xh万© CoDA ˋ，ȶ¶ͬ͞ǲ͞

Ηǰяѱ!

� � � �eZ¢p-P«Ð¨��

Ņ¸дЩǤҎɕ̦đ҂ CoDA ˋ，eͬģƏ͖ŪΑγμƕmwŏΑγͬy͞ģƏ͖

ŪŹȟϰfʁ͐ş̳Ź�Оͯ͐ΧʌӠɮ¸xwŏͬʻЖgŹÿǸʋͬy͞ģƏ͖Ū

ʔmƗҪͬǜΗдЩǜ³ȱhiНͬǜ³͛Ӯmȶ� CoDA Ҧ͞xŅ�ϵē͝ȱͬy͞
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ģƏ͖Ūgy͞ģƏ͖Ūϵē͝ȱɅʸƗƗñǇxǜΗдЩǜ³m¶Ȏˋ，ǤŅ�Ѳh

ƹʗͬŒŅȾǔηϑe产ȱƗҪͬy͞ģƏ͖Ū�ОͯƗҪwŏΑγͬǲ͞ghxРƾ

CoDA ˋ，ŹȾǔȟʌӠͬǐ些mʷʇ亮ǩ¿Ưͬ些Ćηϑ��¶͞Ņ��亮Сý�

eϵē͝ȱͬy͞ģƏ͖Ūgů˱m̫ ʇΚͬҩ̹ЋŹxϵē͝ȱͬy͞ģƏ͖Ūum

ҁ�Ə͖ŪŹw¶͞ƑʺͬɛҬ÷ˉş�丽ęͬȨîvmǌŅ�ЉȎѲƢͬϰҪǶʔ

Δ£ęg˱ƔmʷʇȶЫ七ͬ CoDA ˋ，ҍ͞}Ȍƕâ�γƃͬģƏ͖ŪmŃН��Ņ

�ƣŵ 3-1kblȶΉκϩōąiƏ͖Ūǭ]ȇ˱Þ�ƫÎŪg!

Φ|�ωͬ C-core [5]ʜpΑ̯ѥu҉Н̀ͬŅ�ϵē͝ȱͬӿϰҪʁ͐y͞ģ

Ə͖ŪgůhŅ�hòp�±Đϰͬ�ϵē͝ȱ C-coremȶ�ˋ，ǤŅ�Ϋĥź͝ȱ

ƗҪͬ C-core ˀɮӿηϑey͞ģƏ͖Ūͬ�Оͯ͐gů˱ʷͬΚe¶͞ C-core

³hy͞ģƏ͖Ūͬ˩ƃgʇ͏[3/6,!13]ИʖŹѽЕͳŏĐϰͬѯ��ʔxӧǰȽЕͬҔ

͞Ə͖Ūͳ˸mC-core Ņ�亚® 10ÂͬϰҪ̞Ϩkǀ}亮ƫÎŪɹ³亚® 30 ƕÂϰϨ
[3,!4,!6]mʆdǲͬ͞ϰϨ亚® 10 Âlǭ]ЉȎ 23 Â�uͬϰҪǶʔΔ£ęgC-core дЩ

ͬõļ̹ºҩ}亚®ΗǰѽЕȶ̞ϨͬϰҪϦwʜͲɩɮӿǲ͞ΗǰѽЕͬҕǴg̽ Ϧm

͠} C-core ȽЕ˷ʿɛ�ʔĐϨ亚®mҞmŹͳŏͬϿ͂ĐϨӫά些ĆvmCoDA ˋ，

ǅɻəʩƕͬΗǰǭļȽЕg!

˷pdĥ͌ͬ C-core ҢŅ�ОͯͱːΗǰeͬˌpɛƳ乱÷g¶͞ǜãұŅ��ǲ

͞Ηǰ̭ͬ�eϵē͝ȱ C-coregҔ͞Ə͖ŪuѽЕǲ͞Ηǰe̊ʯКģƏ͖ŪОͯ

ͬï�m·ƣηϑŗē�fßʹȽЕͬ��ĸâ�p�wϊǩѽЕͬ�gŹΗ

ǰȽЕʔmσΗhxЉȎʩƢͬϰҪʁ͐ϦŹҔ͞Ə͖Ūş C-core o于为丽ȽЕgůh

xҔ͞Ə͖Ūͳ˸mĥ͌ͬ C-core ãʯʖʝͬϰҪʁ͐£Ėmɜ̾ Amdahl’s Ƴȍmɮ

ӿʆdηϑͬϰҪʁ͐ǌ丽ĿhǏҪɮӿѯ�Ź C-core uȽЕͬĨ˸mǅ串ˀ串ƕͬѯ

�业ǴąC-coreuȽЕgŹ͖ȪͬCoDAˋ，emă͞ʩƕͬ΄ӠΔˀ产ȱʩƕͬC-core

ǌŅ�ɮӿяѱŹy͞ģƏ͖ŪuѽЕͬОͯ͐mͳǲźt¤ɮӿηϑͬϰҪʁ͐g!

ϵē͝ȱ C-core ͬǜãұɜ̾�v˲从͝ȱ C-cores:! ӷÓmǜãұǀǲ͞҂Е

profile �Ƴǲ͞e̻ͬ�ĝƄg̽őm˷pd̻�ĝƄҢК÷ЦhƆʷſȳϥѡ

ſk͞ˀƏ͖ switch тŁlͬ产ōgC-core Ҧ͞Λ于Щάʌ̎kspatial computation 

approachlmhſeͬ˷pdɹ³ÿǸpd͈ƳͬĐϰĥÑgx˱ŏʔmǜãұ͝ȱ C-core

ͬɪĆҗ久gҁ�ɪĆҗ久¶͊͞ȜʹˀɪĆΗǰŹҁ�Ɔʷſ于ӧǰȽЕgȠom̻

�ĝƄͬʅɢҔѩşɪĆҗ久υȱxpdĥ͌ͬ C-coremҁd C-core ͬĐϰҔǩǀǲ

}ѯ�eͬƔǑȏ͒ȳϥpdöʅg³hpΑ£ęmC-core ǜãұŅ�ǅ̻�eǙØ

ͬï�ɦӏŹ͝ȱͬ C-core ͢ѩoƔmҁ乱÷�享НiƏ͖ŪҔ之ǺǩƏ͖ͬʌǻ

ˀƏ͖m·ƣŹƳ̹ΗǰeÌǈõ͓̜̹ͬɹ³gůh C-core wŹά̎ȳĐϰͬХǴu

ÁɽͱːĝƄ�mȶ�ͱːĝƄ�tŅ�Ù乱ȳ乱÷ŹiƏ͖ŪuѽЕgȂʎ̎Љ
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Ȏ C-core ʔmǌ¤ļ͝ΗǰŹiƏ͖uȽЕͬȨîg!

ƣŵ 3-1(b) ȶПmC-core şiƏ͖Ū¶͞ͳŏͬƫÎ˩ƃmâeiƏ͖Ūşâ�ȶ

ʯͬ C-core Þ�pοʅɢϙƫghxñǇ C-core xƫÎŪo于ͬҔÀǹҲm̫ ʇ profile

xǲ͞e˷d̻�ĝƄǀƫÎŪҔÀͬ享̀mǭǅҁ�ÀȢɮ¸ώ C-core ҎɕŪş

CoDA ͬy͞ģƏ͖ŪǢǐΗǰg̫ ȶҎĽͬ C-core дЩҦ͞xΦ|�ωͬ¶͞x

ҎɕȟĴ̗˾ęş cachelet Ʌʸͬ C/core̓ʷ[13]m¶͞ҁ�ɅʸŅ�ŹñǇӠΔşϰҪ

̞Ϩͬŏʔɮӿȟϰg!

� � � �©�i¥�

CoDA eǀy͞ģƏ͖ŪͬҎɕm¹ќ}pυͱːǲ͞ΗǰgʷΚͬͱͬʜh

x͖Ц CoDA дЩʜƣ±ȾǔͬmҁΑȾǔ¶ȎĳÓ��Ęŕʯ些dʅy͞ģƏ͖Ūͬ

дЩȾǔąĘŕȱͫuğdy͞ģƏ͖Ūgͳǲźʷʇt享НҎɕѲǯ̏ͬͱːǲ͞Η

ǰg!

ʷʇͬяѱ͝ȱΗǰ¶͞xpηûͬdΑƨeǲ͞mҁ�“Ƥͬǲ͞ˀ̭}ːð̙

мΗǰ SPEC 2006[77],!SPEC 2000[78]�ĸǙØǻ̙мΗǰ EEMBC[79]mǭÁɽxƮ�ͬ乱

÷ǕȟˀǸ˩ʩhǯ̏ͬΗǰ͈ȉgИ 3-1 ûkxҁ�ǲ͞Ηǰ�ĸ C-core ȶҬǀͬͱ

ːǕȟgҁ�“Ƥǲͬ͞iНȽЕ乱÷К 22 dϵē͝ȱͬ C-core ȶОͯmҁ�ϵē͝

ȱͬ C-core Ņ�¶͞ːðͬ Synopsys ǜã͝ȱǢǐǢσőͬϞːǭҔ之x̦đсφƼ

͝ĵʅͬ争οϞИ�ͶmƮ�tҔ之xΦ��ωͬ FPGA 仍жg! !

И 3-1 ˩ƃeͬͱːǲ͞ 

ǜ³产 ɭ҉ 22nm C-core 
ӠΔkmm2l 

astar (SPEC 2006) path finding 0.044 

bzip2 (SPEC 2000) data compression 0.329 

cjpeg (Independent JPEG Group 2000) jpeg encoding 0.076 

crafty (SPEC 2000) chess 0.580 

djpeg (Independent JPEG Group 2002) jpeg decoding 0.118 

gzip (SPEC 2000) compression/decompression 0.190 

mcf (SPEC 2000) multi-commodity flow 0.056 

Viterbi (Embedded Microprocessor Benchmark 
Consortium 2002) convolutional decoding 0.039 

! ! ! ! !

! ! ! ! hx͝ȱʩƗС˩ͬяѱ�ĸ¶͞ʩƕź C-core ˀОͯҁ�ʩƗС˩ͬяѱmяѱ

͝ȱΗǰǅ˷pdĉӠɮąͬǲ͞ƑĆ 2 ˫f4 ˫f8 ˫ȳϥ 16 ˫mǭ]ʷʇʭƕ业ʆ



МĚǜ_ƗƬħƍƬ七ʇ 

46 
 

͝ȱͬ C-core ӠΔͬ 50%ˀ˩ɓ̻�ƽǴͬĿęgҔ之ҁΑʌǻm�“Ƥͬ 8 dǲ͞

Ηǰ͝ȱxãʯ 16 dǲ͞m32 dǲ͞m64 dǲ͞ş 128 dǲͬ͞яѱgҬǀʭƗͬя

ѱȨîmηϑ享Н 352 d C-core ȹϰƖ¶Ȏy͞ģƏ͖ŪЉȎ 97%ͬ�Оͯ͐gCoDA

ˋ，hx产ȱҁ 352 d C-core 享НŹ 22nm ǜϻv¶͞Ɨξ 73mm2 ͬϿ͂ӠΔg!

� � �B�� �s�

ʷʇΚͬiНͱͬʜŹѥƖ̤ͬǴu͖Ц CoDA дЩeϰҪ̞Ϩʜƣ±÷Ǣͬm

ǭ]͖ЦдЩȶ享Нß̑ͬ二ӱg¬ʜ͠} CoDA ό，ƑʺmŅ�ҎĽͬдЩĵʅѲƕ

ʀϦƫŹƗҪ CoDA ͬŅЕдЩşƵ͓mϗōǭ�Ͷȶʯҁ� CoDA дЩƵ͓ʜwŅϰ

ͬgȶ�ʷɮõxpΑ÷ˉ CoDA ˋ，ͬȟϰfӠΔşϰҪʁ͐ͬ˩ƃmǭ¶͞ҁd

÷ˉ˩ƃˀ÷ˉ CoDA ˋ，g 

� � � �k���^�

ʷʇȶÿǸͬ÷ˉ˩ƃ͠�vtdiНÀȢ介ēn1l¶͞Ņ�ϗōͬ C-corefCoDA

ƨ乱�ͬǕȟÀȢ³h˩ƃͬѶØgҁ�ÀȢĘɖĥd C-core ͬӠΔfĐϨ�ĸǶʔÀ

ȢoCache ͬӠΔxϰҪ̞ϨfǶʔÀȢoσǶʔoŅ�Ƶ͓ͬ争ɪ̭ͬ͢ʁ͐ΧΧo2l

¶͞ trace ͬɅʸǀяѱeΗǰͬēȜȽЕЕh҂Е÷ˉmǭѶØʷʇͬ÷ˉ˩ƃgҁ

�ÀȢĘɖσΗƣ±义ΖmCache pϷȟͬȅŢmCache Şe/ϝƚΧŌΑÀȢo3lɱ

产xĉ�ß} C-core şҁ�яѱͬÀȢmǭǅȶʯͬ 45nm ȳϥ 40nm ǜϻvͬĵʅɡ

άą 22nm ǜϻgʷʇͬ˩ƃЩάόˊŅ�ɮ¸ˌpΑ CoDA ҤϟvmϰҪ̞ϨfӠΔ

�ĸȟϰĵʅΧʌӠͬ÷ǢȨîg!

ʷʇ¶͞ Synopsys ͬ Design CompilerfIC Compiler ş PrimeTime ˀ万©ҬǀИ 3/1

eͬǲ͞҂ЕƳĆͬ C-coregҁ� C-core ҢʜŅ�ϗōfǢǐǢσͬmǭ]Ű互ǡϊƆ

ʷƱȱx̗͂ǜ³gҁ�，�Ƣͬ C-core ÀȢҢʜ͌ΟѶØ÷ˉ˩ƃͬgłƔʷʇ³ϥ

tЉȎxҔ͞iƏ͖ŪǢǐǢσőͬϞИmǭ�eɮĽĐϨfӠΔ�ĸǶʔÀȢmǭǅ

ҁ�ÀȢѶØą÷ˉ˩ƃg�uҁ�ÀȢͬɮĽҢʜ¶͞ņΔ k͢TSMCl45nm Ҕ͞ǜ

ϻϼ̹ş 40nm ®ĐϨǜϻϼ̹ЉȎͬmʷʇͬ˩ƃǅҁ�ÀȢɡάą 22nm ȶǀǲͬ

ŌΑĵʅg!

hx÷ˉΗǰēȜȽЕͬЕhm̫ ʇ¶͞x LLVM[80]ˀː一˷pdȽЕ˩ſm̽ ő

ǸΟwŏȽЕ乱÷Źy͞ģƏ͖ŪuȽЕ乐ʜŹҔ͞Ə͖ŪuȽЕͬʚ。gŹ CoDA ˋ

，em˷pdȽЕ˩ſ˩ɓxp˵�Кʚ。ąˌpd͈Ƴ͙ͬ͂mǭŹҁd͙͂ͬҔ

͞Ə͖Ūȳϥy͞ģƏ͖ŪuȽЕg˷ pdКː一ͬȽЕ˩ſɮ¸xсφͬēȜȽЕÀ

Ȣmҁ�ÀȢĘɖnƫÎŪɹ³ÀȢkpϷȟ̞ȢmCache ą Cache ͬʅɢ义ΖlmΗǰ

˵Ź͂uϞϏͬ义ΖÀȢkΗǰŹ C-core ş亮 C-core o于ͬ义ΖmΗǰŹ͙͂于ͬ义

Ζlgӏx�uҁ�ΗǰѽЕͬǹҲm̫ ʇͬ˩ƃe҂ΗŅ�˷ʔҭŜʵȽЕpʿɛ�g

ʷʇ�Ͷҁ�Кː一之ͬ|҂Ć�ЉȎ�uсφͬēȜȽЕÀȢmǭǅҁ�ÀȢѶØ
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ą÷ˉ˩ƃeg!

� � � ��si��

1
_ 2 _ ,

n

i
i

Wire length Component Area
=

= ∑ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (3-1) 

! ∈ !"!#$!!"#$"%&%'!!"#$%!!ℎ!!!"#ℎ.!
ʷʇͬ÷ˉ˩ƃeʯ�ĵʅʜŅ��â�ʇ͏eͲɩЉȎmłƔp�ĵʅʜŹ

40nm ȳ 45nm ǜϻv҂Е万©̽őɡάą 22nm ǜϻgИ 3-2 ûõxßҵͬĵʅgʷʇ

ǅ˷˺β�乔σȶ̞ϨϰҪxσͬ予Ǵͳsmˀ Щά�乔σȶ̞ϨͬϰҪgÛǻk3-1lm

͞}Щά�乔σͬ予Ǵmůh ASIC Ƶ͓e�ʯ˾ǫşƂͲͬҫǕ�乔σ个̭mȶ�ʷ

ʇЩάσ予ǴʔҦͬ͞ʜbd˩ſ于ͬʪš人ѦkManhattan-distancelghxЩά�

y͞ģƏ͖Ūą L1 ʅɢӿҕϙƫƕҎŪͬσ予Ǵmʷʇǅy͞ģƏ͖Ūɜ̾ǀƫÎͬ

享̀҂ЕɦǰmǭǅǀƫÎ享̀ӿͬy͞ģƏ͖ŪǢǐąѦƕҎŪѲ乎ͬϟg!

Ź÷ˉ˩ƃemʷʇ҂Еx�vÈдg1lҔ之Źϗōőͬ C-core u�ͶȽЕ̙м

Ηǰȶ҂Еͬ万©m̫ ʇÈдŹŏpd͙͂çΗǰȽЕ�ѯ�ȽЕͬiƏ͖Ū为丽ąΆ

�ȽЕͬy͞ģƏ͖Ū享Н 30 dʔҭŜʵg2lƆ} MIT Raw Ə͖Ūͬ万©[72]mʷʇ

ÈдΗǰŹ̵͙ͬ͂̕o于义Ζ享Н 300 dʔҭŜʵmрʔ于ĘɖxǺǩƏ͖şuσʇ

Ҕ之͂uϞϏ҂Е义Ζȶ享Нͬʔ于g!

И 3-2 ˩ƃeͬĵʅÆ 

˩ƃĵʅ ĵʅÆˀ̭ 

˷˺βͬσϰҪ̞Ϩ Bill Dally 2009ǬDACɊŚ 

iƏ͖ŪϰҪ̞Ϩ iƏ͖ŪǫŽ˷ʿɛ�ͬϰҪ̞Ϩˀϵ}ʇ͏[6]m̽
ő¶͞Ûǻk3-3lşk3-4lɡάą22nmg 

y͞ģƏ͖ŪϰҪ̞Ϩ C-coreΧʁͬǫŽ˷Ƙɛ�ϰҪ̞Ϩˀϵ}ʇ͏[6]m
̽ő¶͞Ûǻk3-3lşk3-4lɡάą22nmg 

NoCѩ͠ϰҪ̞Ϩ ˩ƃeÈƳ˷p˫ѩ͠íΩȶ享ϰҪ̞ϨΧ}y͞
ģƏ͖ŪȽЕpʿΧʁɛ�ͬϰҪ̞Ϩg 

Cache̱ͬ͢ĐϨmӠΔşе二ʔ于 CACTI[81]mǭ¶͞Ûǻɡάą22nmg 

iƫǦƺ ʷʇÈƳηϑe¶͞LPDDR2mǦƺh3.2GB/sg 

ʣ°έҕǴ 

ӿȟϰǱkHPlş®ӝȜĐϨǱkLSTPlͳǀͬǶ
ʔˀϵ}ǀϗōő͢ѩͬ万©mγ«ͬÆtŅ��
ITRSͬʅɢЩάȎõg˩ ƃÈƳx®ĐϨǱ(LP)ͬǶ
҅ʜâ�bdǱͬŽÆgȶ�˩ƃenHPǱͳǀǶ
ʔÈдh1mLPǱh1.25mLSTPǱh2.5g 

ʣ°έ̱͢ĐϨşēȜĐϨȶ享ϰ
Ҫ ¶͞Ņϗō͢ѩ万©mŹɡάą22nmg 

ѯ�xΆ�øɡʔ于 30Ŝʵm¶̙͞мΗǰ万© 

Ź̵͙ͬ͂̕于ȽЕ义Ζʔ于 300Ŝʵm¶̙͞мΗǰ万© 

!
2*( / )new old new oldArea Area λ λ=                    k3-2l 
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2

_ _ _ ( _ _ _

*3 _ *( / ) )
new old

old new

LEnergy per square mm LEnergy per suqare mm

D Facter λ λ
= k3-3l 

 

_ _ *( / )new old new oldDynamic energy Dynamic energy λ λ= ! ! ! ! ! ! ! k3-4l 

!

Ûǻk3-2lfk3-3lşk3-4l͞}ǅ 45nm ş/ȳ 40nm vȶЉȎͬӠΔf̱͢ĐϨ

�ĸēȜĐϨɡάąʋǜϻvgâe λold ş λnew ÷ĄИΉϣǜϻ͈ͬȉǍƿşʋǜϻͬ

͈ȉǍƿgÛǻk3-2l˸ѲͲРmǀ}Щά个̭些ĆͬдЩˀ且kͳǀ} IO 些ĆlϿ

͂uʣ°έͬƽǴӒǜϻͬ҂˲wʉɮӿgÛǻk3-3lΘȐƑʺp̹gʣ°έ̱͢Đ

ϨĵʅâƵʜдЩϥŅɪͬmдЩϥŅ�Ҕ之业ϼӀÆ͢ış¸͢͢ıˀɽĿҁdĵʅg

̽ϦmŹͩρȑϜɿ˩ƃƚʁőmдЩϥҢʭ̀ǏҪ些Ć̱͢ĐϨgů˱Ûǻk3/3l

ӷÓÈƳ˷dʣ°έãʯųƳ̱ͬ͢ĐϨghxϤЎ 32nm ą 22nm ʣ°έ̲҂ȶǼ҂

ͬǫӠʣ°έŒ 3D ʣ°έ(FinFET)丽ĿmʷʇǼØxpdӳƔϜɿĵʅn3D ĵʅgʷ

ʇͬ˩ƃe 3D ĵʅͬÆĽh 0.7mрÆʜ� Intel Ûŋß} 22nm ǜϻͬʇ͏[82]eЩά

ȎõͬgΦt乱÷ʜʣ°έƽǴĿęĵʅg̫ ʇͬĵʅҎɕǫŽ˷ǫʌ˺β̱ͬ͢ϰҪm

ʜůh˩ƃt享НҁdĵʅˀЩά亮̵͊̕Ȝ͢ѩ̱ͬ͢ϰҪm¶͞рĵʅЩάѲhʌ

¼gǀʷ˩ƃeȶϤЎͬtΑwŏγƃʣ°έm乐Нĥ͌Щά˷Αγƃʣ°έǫŽĥ

ӠΔ̱ͬ͢ϰҪgʭőmÛǻk3-4lʜ˸ѲͲɩͬēȜϰҪ˩ƃgŹʧ΄ʔ�mʎ̎

Ҕ之亚®͢ıͬʌǻˀϼʹϿ͂ϰϨmĥdʣ°έēȜϰϨͬϼʹ��Ͳɩˀϵ}͢ƹ

ͬ亚®g͢ƹͬ亚®И͓ŹÛǻk3-4lͬΦ|důƨug!

ʷʇ¶͞�ͶŪ҂Еηϑ�Ͷmǭ͞ Trace ͬʌ̎ЉȎΗǰǀpο Cache ş|ο

Cache ͬ�ƫʅɢghxǀӿҕϙƫͬӠΔfēȜĐϨşӝȜĐϨΧ͖͈͆ȉ҂ЕǸ˩m

ʷʇ¶͞x CACTI[81]gʷʇŹ CACTI eҎɕ 32nm ǜϻǀӿҕϙƫǸ˩m̽ő¶͞Û

ǻǅĵʅɡάą 22nmgǀӠΔf̱͢ĐϨşēȜϰϨͬɡά÷Ą¶͞ĉ҉Ûǻk3-2lf

k3-3lşk3-4lg!

͠}ӝȜĐϨŹηϑeȶĨ˸·ѲӿmhxɨЫˇ些Ȩîm享НǏҪñǇӿҕϙƫ

ŹηϑeͬӠΔgʷʇÈд˷pd|οӿҕϙƫҢʜ亮Ęŕͬmǭ]|οϙƫ��¸ŏ

pd͢ıƄçͬpοӿҕϙƫ¶͞gКpοϙƫґõͬʅɢǅК÷Ҥą|οϙƫgŹ|

οϙƫŞeͬʅɢǅК义Ζąͳǲźpοϙƫmǭǅ|οϙƫͬрʅɢЕϟhʎʁgȂ

pοϙƫϝƚʔm享НӷÓп二ŏp͢ıƄçͬ|ο Cache ͬpϷȟͱȃmƣˊ·Ƴç

ƹŹâ�pοϙƫmͱȃǅļѠp˫ӿҕϙƫąӿҕϙƫͬʅɢ¦Ѷm�¼Źbdpο

ϙƫ于¦Ѷʅɢg!

Кː一ĝƄͬēȜşӝȜɛ�ʅҪŅ�К͞ˀǀ̊ʯ҂ЕǢǐǢσͬ C-core ͬӠ

ΔşОͯ͐҂ЕǸ˩gӝȜɛ�ʅҪʜΗǰ˵ͬɛ�ʅҪmϦēȜɛ�ʅҪʜΗǰȽЕ

ʔēȜȽЕͬɛ�ͬʅҪgǀ}˷pdĥ͌ͬ C-core ˀ且m��ͬӠΔ� 0.0015mm2
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ą 0.28mm2wΧgǀҁ�̊ʯ҂ЕǢǐǢσͬC-coreӠΔͬ万©mƆ}ǀ͝ȱҁ�C-core

ͬѯ�҂ЕͬӝȜɛ�÷ˉmҁΑ÷ˉx÷ˉ SiChrome γ«gҬǀ˷pΑwŏͬɹ³m

҂ЕӠΔ万©̽őéͳđm·ƣđ̎fs̎fΖΧɛ�¤ͳǲź͝ȱđ̎Ūfs̎Ūf

ΖŪΧgʷʇǅҁ乱÷˩ƃxoĉļИͬ七ʇ[13]e҂ЕxǢǐǢσͬ C-core ʅɢ҂

Еx˔ðgŏ˕mʷʇt¶͞x七ʇ[13]eǀpο�ƫǶʔǀΗǰȽЕʔ于ȅŢͬʅɢ˔

仍x÷ˉ˩ƃgpο�ƫǶʔͬƌđʜ͠}ŹѲƗ͙ͬ͂em产ȱƗҪͬ C-core ǂϷʯ

� C-core КɿϟŹpοϙƫѲ҃ͬϟg!

ǜϻǱͬҎɕǀʣ°έ̱ͬ͢ĐϨşȟϰʯѲƗͬȅŢgʷʇ万©ǢǐǢσőͬ

C-core ¶ͬ͞ʜņΔ͢ 40nm ®ĐϨǜϻǱş 45nm Ҕ͞ǜϻǱg¶͞ҁ�ʅɢmʷʇ

ǀ C-core �ĸ亮ƫÎҗ久҂Е万©m̽őɡάą 22nmmȶȎąͬӝȜĐϨ£ęf®Đ

Ϩşȟϰ£ęǜϻǱͬĐϨ÷Ąʜ 0.25mW/ mm2, 1.02 mW/mm2, ş 29.28 mW/mm2gɡ

ά¶͞Ûǻk3-4lghxǀwŏǜϻǱǀȟϰͬȅŢ҂ЕǸ˩mʷʇЩάx CoDA Ҧ͞

wŏǜϻǱͬǶ҅Ȩîmã°ͬĵʅ� ITRS ͬɊŚeЉȎg˩ ƃeǀ}ӝȜĐϨ£ęf

®ĐϨşȟϰ£ęͬǜϻǱȶҦĽͬȟϰηʅ÷Ąʜ 2.0f1.0 ş 0.8g!

˩ƃeÈƳʷʇ¶ͬ͞ӿϰҪʁ͐ͬӧǰȽЕiƏ͖ŪѽЕŹ 3GHzg；ɢ七ʇ[6]

eß} C-core ϰҪ̞Ϩͬ÷ǢmʷʇǸ˩ C-core e亮ƫÎЩάɹ³ͬ˷ʿɛ�̞Ϩͬ

ēȜĐϨ˸¶ͬ͞iƏ͖Ū® 30 Âg万©ȎąiƏ͖ŪŹ 22nm ǜϻv˷ʿɛ�享Н

43pJ ͬϰҪgʇ͏[13]eИʖ C-core ͬȽЕҕǴǫŽ˸iƏ͖ŪȘ 27%g!

� � � �qÈ+õ°oÈÆ�s�

 

ŵ 3-3�ȟϰ˩ƃͬÀȢυȱ 

 

ŵ 3-4�ӠΔ˩ƃͬÀȢυȱ 
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÷ˉ万©˩ƃͬѶõiНʯtdnȟϰfӠΔşϰҪgʷǆϼ÷ĄǀҁtdʌӠ҂

Еʩhсφͬ�ωgŵ 3-3 ǔΉx÷ˉ˩ƃeȶǸ˩ͬʯßȟϰͬŌdůθgӏx CPI

�Ɣmâ�ͬȶʯß}ȟϰͬÆҢͲɩˀϵ}�ͶŪgoȶ� CPI ʜĥ͌Щάͬmʜů

h CPI x�vůθʯßn͙ ͂çƏ͖ŪͬǢǐm·ƣâ�ǲ͞ȶ享ͬ C-core Ņϰ¤ЉȎ

ʩӿͬƫÎ£Óοȶ�ɿϟŹxƫÎʩ乎ͬźʌm�϶}ҁdy͞ģƏ͖Ūą L1 ͬѦ

ʩ҃mǶʔĿ予mϦҁdÀȢˀϵ}ηϑǸ˩Ǒ˫gŹʷʇͬ÷ˉ˩ƃem¶͞ȶʯ

ҁ�Ə͖Ū乱�ͬȽЕʔ于ˀЩάʯʁͬ CPImʯʁͬ CPI К͞ˀЩά˷ʿɛ�ȶ̞Ϩ

ͬϰҪg!

 

ŵ 3-5�ǫŽ˷ʿɛ�ȶ̞ϨϰҪ˩ƃͬÀȢυȱ 
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ŵ 3-4 ûkxϿ͂ӠΔͬiНυȱ乱÷gŹʷʇͬ÷ˉ˩ƃemL2 ӿҕϙìͬȠ

ӠΔw¬Ľí} L2 ӿҕϙƫͬƗǆmtĽí}͢ıƄͬdʅgůhmʷʇͬηϑe˷

pd͢ıƄҢĘŕpd͌Οͬ L2 ӿҕϙƫg!

÷ˉ˩ƃŹƕdǑ˫uǀwŏŪ�ͬϰҪ̞Ϩ҂ЕxǸ˩ghxǀwŏ̙мΗǰ҂

Еȁpęm�ĸϤЎąΆ�ȽЕşѯ�ȽЕmʷʇǅϰҪ˩ƃeϰҪ̞ͬϨȁpęh˷

pʿΧ�ѯ�ɛ�ȶ̞ϨͬϰҪgŵ 3-5! ǔΉxϰҪ˩ƃe˷pdǸ˩乱��ĸ��

ͬǑ˫ßηgvpmŹ˩ƃeƌđxǭļȽЕʔΡz¶͞y͞ģƏ͖ŪǀϰҪͬȅŢg!

ʷʇiНß̑Ɔ} CoDA ˋ，e͂u乱÷ͬϰҪ̞ϨȨîgŹƵӇͬηϑemϰҪ

̞ͬϨ乐Ęɖâ�乱÷mâ�p�ʇ͏ǡϊȳ˰ŹΚ£ęҁ�乱÷g·ƣmŹΚ®

ĐϨ DRAM ͬĉʡʔmΚ�śҦ͞x΄ҔƩkthrough-silicon viaslmpackage-on-package

ş®ĐϨ͂ƔÀŊɅʸgǏέҁ�ɅʸŅ�ȌƹʗşʷʇͬΚόōѠˀm¬ʜҁ�Ʌ

ʸʭψ͈ͬȟ�wʖʲghx¿əΚ͈ͬ͌ȟşð·ȟmʷʇʥʔwЫ七ҁ�ʌӠm

ҁ�çƹʥ]͠â��҂ЕΚ[83,!84]g!

� � �B�� ��i�´ð��

ŵ 3/1ȶǔΉͬƆʷ°ηό，Ź CoDA ˋ，ͬҤϟʌӠ乐ʯȌƗ̸ͬ̕ȟgʯʁͬ

CoDA дЩ乐Ņ�ĘŕwŏʅҪ͙ͬ͂mŅ�ɽĿ͙ͬ͂Ɨǆmwŏͬ CacheҤϟΧΧg

˱ƔmwŏдЩξʾʿ�vk·ƣmwŏӠΔӫάmĐϨӫάşȟϰН̀Χlȶ�ͬ͝

Ҥϟtwŏg!

hxőӠ͖Цwŏ CoDA ˋ，ͬ£ęдЩmŹҁǆϼeǀ CoDA дЩĵʅ҂Еηϑ

ͬЫ七gӷÓсφûkxηϑeȶʯϤЎͬwŏдЩĵʅ�ĸĵʅÆmoő÷ˉxŌd

ĵʅǀ CoDA˩ƃkӠΔfȟϰşϰϨlͬã°ȅŢg!

� � � �×Ôi��

И 3-3�CoDA дЩΛ于ĵʅ 

ĵʅ ĵʅÆ 

ǜ³яѱƗǆkǲ͞ʅҪl 8m16m32m64m128 

L2 CacheƗǆ kKBl 512m2048m8192 

˷d͙͂eL1 CacheƗǆ kKBl 8m16m32m64 

ʭƗ͙͂ӠΔkmm2l 0.5m2m8m32mʎ些Ɨǆ 

͢ıƄdʅ 1m4 

争ɪ̭͢ʁ͐ 0m90%m95%m98% 

ʣ°έǱ LSTPmLPmHP 

!

Ҕ之υōwŏͬдЩĵʅmŅ�̳Źͬ͝ȱȱͫuğͬwŏ CoDA дЩghx͖Ц
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wŏдЩĵʅҎɕͬȅŢm̫ ʇηϑͬΚxӠŒƕΑwŏяѱС˩ͬŅϰҤϟͬĵʅ

Ҏɕmҁtǌʜ CoDAˋ，ͬĵʅΛ于g!

И 3-3 ûkxʷʇȶϤЎͬ CoDA дЩΛ于ĵʅgҎɕwŏͬдЩΛ于ĵʅŅ��

͝wŏͬ CoDA дЩmĘɖ¦ϑͬãʯѲƗƹҪ Cache ͬҔ͞Ə͖Ūǭ产ȱǇҪͬy͞

ģƏ͖ŪmtĘɖãʯƗС˩͙͂ό，¢：Ə͖Ūǭ产ȱƗҪy͞ģƏ͖ŪͬдЩgh

x些ĆдЩΛ于ͬƗǆmʷʇwϤЎ͙͂o于Ęŕwŏ Cache Ҥϟ个̭ͬȨîgů˱Ƞ

ͬˀ且mʷʇҬǀwŏяѱ万©xȠÞ 7200 Αwŏͬ CoDA Ҥϟg!

� � � �i�-�s�

И 3-4 wŏĵʅǀηϑϰҪ̞ϨmӠΔşȟϰ˩ƃͬȅŢ 

ĵʅ ͲɩȅŢ ǀʭψόˊͬȅŢ 

ǜ³яѱƗǆ y͞ģƏ͖ŪʅҪ Ͽ͂ͬӠΔm̱͢ĐϨmҔÀѦ 

CacheƗǆ 

Ͽ͂ӠΔ ̵̕ĝƄ̱ͬ͢ĐϨm亮̵̕ĝƄ
̱ͬ͢ĐϨşēȜĐϨ 

�乔σ予Ǵ �乔σ̞ϨͬϰҪ 

Cacheϝƚ͐şiƫеƫ͐ CPIşȽЕʔ于 

ŞeǶʔ CPIşȽЕʔ于 

ʭƗ͙͂ӠΔ 

Ͽ͂ӠΔ ̵̕ĝƄ̱ͬ͢ĐϨm亮̵̕ĝƄ
̱ͬ͢ĐϨşēȜĐϨ 

�乔σ予Ǵ �乔σ̞ϨͬϰҪ 

͙͂dʅ L1 CacheʅҪmσΗìΝ͐ 

͢ıƄdʅ 
L2 CacheͬʅҪ Ͽ͂ӠΔş̱͢ĐϨȶ享ϰҪ 

͂uş͂Ɣ�乔σ予Ǵ �乔σ̞ϨͬϰҪşNoCȶ̞Ϩͬ
ϰҪ 

争ɪ̭͢ʁ͐ 亮̵̕ĝƄ̱ͬ͢ĐϨ CoDAmCachemiƏ͖ŪmMUXΧ
Ū�̞ϨͬϰҪ 

ʣ°έǱ 
˷ʿɛ�享НͬӝȜşēȜĐ
Ϩ ȶʯŪ�̞ϨͬϰҪ 

CPI 亮ƫÎŪɹ³ȽЕͬȠʔ于 

!

И 3-4 ɭ҉x˷pdã°źĵʅʜƣ±ȅŢΦtϼeȶɭ҉ͬ˩ƃͬgʯòdĵʅ

ǀ˩ƃͬȅŢʜ亮ǩͲРͬgǀ}˷pdʷʇȶɨЫͬяѱƗǆmϖəy͞ģƏ͖ŪŅ

�Оͯ 98%ͬΗǰȽЕmҁ˕ӒяѱС˩ͬƌƗm享Н业ʆОͯȶ享ͬy͞ģƏ͖Ū

ͬʅҪgдЩΛ于ĘɖòΑwŏͬ L1 ş L2 ӿҕϙƫҤϟgwŏӿҕϙƫͬƗǆ¤Ͳɩ

ȅŢϿ͂ͬȠӠΔfy͞Ə͖ŪąÞ�ӿҕϙƫͬ�乔σ予Ǵ�ĸӿҕϙƫͬȟϰΧg

ӿҕϙƫȶǦˀͬ于ɩȅŢt˸ѲͲРg͙ ͂ӠΔĵʅɭ҉x͙͂ęдЩeĥd͙͂ͬ

ʭƗӠΔgѲƗ͙ͬ͂Ņ�Ęŕʩƕͬy͞ģƏ͖ŪǭñǇ͙͂o于ͬ为ʅkůh͙͂

ʅҪǇlm¬ʜ͙͂ç乱ͬ C-core ŅϰãʯѲ予ͬҔÀѩȊkůhy͞Ə͖ŪʅҪƕlg
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Ͽ͂ӠΔ¤ȅŢ CoDA Ͽ͂e̵̕ĝƄş亮̵̕ĝƄ̱ͬ͢ĐϨo�乔σ予ǴͲɩȅŢ

x�乔σͬϰϨo͠ } CoDAϿ͂e˷pd͙͂eҢʯpd L1ӿҕϙƫmȶ�͙͂dʅ

íƳx L1ӿҕϙƫͬʅҪo͙ ͂dʅtíƳx CoDAˋ，eŏʔȽЕͬσΗʅҪmtǌ

于ɩíƳxσΗo于ìΝͬ亿͐g!

ʭőtdĵʅѲhƑʺgâeʯbdʜß}̭͢έ͖ͬĵʅnϿ͂u͌Ο͢ıƄͬ

ʅҪşßʉ͢ѩ̭͢ʔͬʁ͐gϿ͂Ɣͬ͢ı业ϼŪǌŅ�ǅxoͳ乔ͬ͢ıƄ̭͢ß

ʉmҁ˕Ņ�ǅ̱̗͢ñǇąʭ®gd争ɪ̭͢ʁ͐eíƳx¸ͬ͢͢ıƄeҔ之争ɪ

̭͢ʌǻǅ͢ѩĿh亮̵̕͢ѩʔÄͬʁ͐gдЩϥŅ�ŹpƳΗǴuɪĆҁ�ĵʅ

k·ƣm¶͞ʭÓ҂ͬ争ɪ̭͢͢ѩ[73]lm¬ʜҁdĵʅtĽí}đǜǜϻgʷʇǸ˩

ͬ CoDA ˋ，e˷pd͢ıƄҢĘŕpdÞ�ͬ|ο Cachemȶ�͢ıƄʅҪͲɩȅŢ

x|ο CacheͬʅҪgʭőpdĵʅíƳxƵ͓дЩȶ¶ͬ͞ːðĥÑǱgŅͬ͞ҎӦ

Ęɖn®ӝȜĐϨǱkLSTPlm®ĐϨǱkLPlmşӿȟϰǱkHPlgΦ 3.3ǆϼɭ҉x

xҁ�ǱͳßͬĐϨşȟϰĵʅg!

� 	 �c¼�

ƗС˩ CoDA ˋ，ɻəƗС˩fƕ˕ͬǲ͞Ηǰяѱ产ōghx¶Ȏ CoDA дЩǀ

ҁ˕ͬǲ͞ãʯѲȀͬҍǲȟmʷӷÓɭ҉xƕϖŅȾǔͬ CoDA ˋ，ĸâϰϨέ͖

Ωͦgʷʇȶɨιͬ CoDA Ņ�͠wŏʅҪ͙ͬ͂υȱm͙͂ç乱Ņ�产ȱʅҪwŏͬ

y͞ģƏ͖Ūǭ]˷pdy͞ģƏ͖ŪҢŅ�ʜǺ，ͬgCoDA дЩͬϰϨέ͖ʌ̎Ę

ɖ͢ıƄf争ɪ̭͢�ĸ争ɪʔҭg!

͠} CoDA ˋ，ѲhƑʺǭ]дЩΛ于ǞƗmƱÙ¶͞Ά�Ƶ͓oő҂Е万©ͬʌ

̎wϰʯʁǀдЩΛ于҂Еɨιgů˱ʷǀ CoDA ˋ，҂ЕxǸ˩mǭѲhсφź�

ωx˩ƃͬͱːΆ�ό，mǸ˩ʌ̎Ƭm�ĸŌΑ˩ƃĵʅgʷʇͬ˩ƃĘɖtdiН

乱÷nȟϰmӠΔşϰҪ̞Ϩgҁ�Ңʜvpɨι CoDAдЩΛ于ͬƆg!

! ! ! ! ʷͬiНçƹļИ}七ʇdExploring Energy Scalability in Coprocessor-Dominated 

Architectures for Dark Siliconeg
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Equation Section (Next) 
4 �B�� È�¬³�

 

Ӓ CoDAˋ，产ȱ串ˀ串ƕͬy͞ģƏ͖Ūm产ȱǹҲt¤wʉƌ予mҁώ CoDA

дЩʯʁȾǔǦˀxcҩɝȴgҁ�ǹҲʜŔ¤œŬƗҪ¶͞y͞ģƏ͖ŪǦˀͬϰҪ

ʁ͐£Ėm�ĸƗС˩ CoDA дЩxŏ，ƕ：Ə͖Ūͳ˸ʜŔ乐ʯϰҪʁ͐£Ėʜʷ

ɨιͬҩ̹gŃʯȂƗС˩ͬ CoDA дЩ�̽˸ŏ，ƕ：Ə͖ŪãʯʖʝͬϰҪʁ͐£

ĖmCoDAдЩͬȾǔȹʜʯʁͬg!

ʷǅηϑźɨι CoDA ˋ，ͬдЩΛ于m�φźРƾ CoDA ˋ，ƣ±ʯʁźŹƗ

С˩�ĸƫŹƗҪǭļȽЕͬяѱȨîv҂ЕȾǔgʷ�φźɨιx 7200 Αwŏ

CoDA дЩm�¼͖Ц CacheƗǆf͙ ͂ƗǆΧΧӿǑ˫ͬό，ĵʅ�ĸĐϨέ͖Ωͦf

ʣ°έγƃΧΧǳǑƵ͓ĵʅǀ CoDA дЩϰҪʁ͐ͬȅŢg!

ʷ乐ΚxȂ介ē CoDA ˋ，͝ȱͬͱːǜ³яѱşƵӇǜ³яѱwĜҤʔǂϷ

y͞ģƏ͖ŪʅҪf÷ǢҴҤmǭ书ȱŏʔѽЕͬƕdΗǰΡz¶͈͞Ƴy͞ģƏ͖Ū

ʔǀ CoDAϰҪʁ͐ͬȅŢm�ĸϙЦҁΑɠƷͬʯʁʌ̎g!

ʷͬƵ仍όˊИʖmɻəƗС˩яѱͬ CoDA дЩmƕdσΗŅ�Þŏ÷Ɍ产ȱ

ƗҪy͞ģƏ͖ŪȶǦˀͬǹҲmҁ˕Ņ�¶ȽЕ˷ʿɛ�ȶ̞ϨͬϰҪñǇ 3.7 Âo

Ϧǀ}ǆС˩ͬдЩŅ�ñǇ 5.3 ÂͬϰϨgů˱ƗС˩ CoDA ˋ，x¦ϑŏ，ƕ：Ə

͖Ūͳ˸乐ʜŅ�ȱÂɮӿϰҪʁ͐ͬmҁtжʖx CoDAˋ，Ņ�ʯʁȾǔg!

ʷ乐Ы七xƗС˩ CoDA дЩʜŔ¤ǀϿ͂đǜͬϹ͐�͝ȅŢ�ĸǭļȽЕʔ

CoDAʜŔǀ͂Ɣеƫ书ȱʩƗıĎg!

! ! ! ! ʷͬiНçƹƣvnΦpǆϼÓûõxʷΚ CoDA ϰϨ二ӱͬѐ͏oΦ|ǆ

ϼɨιx CoDA ŹwŏдЩΛ于ĵʅvϰҪ̞Ϩͬ÷ǢoΦtǆϼЦíxǭļȽЕͳß

ͬ二ӱoΦŭǆϼûk҂p˲亚® CoDA ϰҪ̞Ϩ̳ͬŹʌ̎oΦ�ǆϼhͳßΚȨ

îoΦÜǆϼǀʷ҂ЕxȠόg 

� � �B�� È�¬³j¡�

ʷИʖŹƗС˩ CoDA ˋ，emʁ͐ͬiН些Ćˀ̭}Ͽ͂uӏy͞ģƏ͖ŪƔ

â�乱�ͬϰҪʁ͐�ĸʧ΄乱÷̱ͬ͢ĐϨgʷͬΚãʯ�vò̹ļ͓n!

1lƣˊ̊ʯ̵҂ͬĐϨέ͖ʹĆk͢ıƄm争ɪ̭͢Χlm̱͢ĐϨǅœŬƗС˩

CoDA ȶǦˀͬ£Ėgʷ乐ɛõmĬ¶ʯ̵҂ͬĐϨέ͖ʹĆm̱͢ĐϨȶĨȠĐϨ

ͬ˸·�̽ªӒy͞ģƏ͖ŪʅҪͬƌđϦƌđgŹ CoDA ˋ，emҽϟ乱�̱ͬ͢Đ

ϨŅ�ѡ之̵̕乱�ͬēȜĐϨgǏέƣ˱mʷͬƵ仍όˊИʖȂяѱ享Н产ȱòͫ

dy͞ģƏ͖ŪͬʔÄmCoDA ˋ，�̽Ņ�Ǧˀ 3.7 ÂͬϰҪʁ͐£ęg! !

2lCoDA ˋ，eȓӨҦ͞ӿϰҪʁ͐ͬĐϨέ͖f�乔ϞϏşƫÎηϑmҁ˕ȹ



МĚǜ_ƗƬħƍƬ七ʇ 

56 
 

ϰ¿жŹ CoDA ˋ，Ⱦǔʔ�̽ϰЉȎѲӿͬÙǐϰҪʁ͐£ęg̫ ͬƵ仍όˊɛʖ

xɽũĐϨέ͖f�乔ϞϏşƫÎηϑΧůθmxɽũ CoDA ϰҪʁ͐o于ͬßηg͈

ĄźmƵ仍όˊhʶˀΚƣ±¶ʧ΄Ə}ƱÙ̊ʯϰҪ̞Ϩͬ͊Ȝɮ¸xȀʯĎͬē

ʹ! gǀ}ǭļȽЕͬяѱmƵ仍όˊИʖσΗΡz͈Ƴy͞ģƏ͖Ūȶ书ȱͬȅŢŅ

�ʯʁͬϙЦm��ʜ��ƌđp̹Ͽ͂ӠΔg!

3lŅʯʁȾǔͬ CoDA ˋ，ǀѲƗͬяѱ�̽Ņ�ʝЌź亚®ϰϨgƵ仍όˊИ

ʖmǀ}ѲѰͬяѱmCoDA дЩŅ�Ǧˀ 5.3 ÂͬϰҪʁ͐£ęmǭǦˀ 5 ÂͬϰҪ

ǶʔΔkenergy-delay product, EDPl£ęgǀ}ѽЕuͫdǲͬ͞ѲҩяѱmCoDA Ņ

�Ǧˀ 3.7 ÂͬϰҪʁ͐£ęmǭǦˀ 3.5 Âͬ EDP £ęg!

� � �B�� ×Ô´ðzº�

CoDAˋ，дЩƑʺmǭ]ҤϟʌӠãʯѲƗ̸ͬ̕ȟşƕ˕ȟghx͖ЦwŏCoDA

ˋ，ͬ£ęдЩmʷǆϼǀ CoDA дЩΛ于҂Еηϑͬɨιgʷϼ¶͞Φtȶɭ҉ͬ

ǲ͞яѱˀ介ē͝ȱƗҪwŏͬ CoDA дЩgҁ�дЩĘŕx��ãʯpd͙͂şòd

C/coreͬΫĥдЩm乐ĘɖӠŒƗС˩яѱͬãʯòĞd͙͂şòͫd C/coreͬ¢：Ņ

ȾǔƑʺ CoDAдЩg!

ŹЉȎ͈ƳдЩͬƆum¶͞Φtȶ҉ͬ÷ˉ˩ƃǀдЩͬӠΔfȟϰşϰϨ

Χ҂Е�φź÷ˉméǀȶʯдЩͬόˊ҂ЕϑЩ÷ˉm÷ˉͬόˊПvʇg˱Ɣ乐Ы

七xǲ͞С˩x产ȱ��o于ͬßηm�ĸ CoDAдЩǀϝӐ͐ͬȅŢg!

� � � �B�� È�f»vB��

ŵ 4-1 ǔΉxдЩΛ于Κͬόˊmҁ�όˊ�͝}͈Ƴͬ争ɪ̭͢ʁ͐�ĸ͈Ą

ʅҪͬ͢ıƄvmʷʇϤƾͬдЩ÷ĄĘŕpd͢ıƄş 4 d͢ıƄͬȨîm争ɪ̭͢

ʁ͐ß̑x 0%m90%m95%ş 98%g¬ʜ͠} 90%m95%ş 98%ͬѣĖγ«mhx¶

ŵȄ¼}Рƾmȶ���¿ͥx 0%ş 98.1%bΑȨîgŵ 4-1kalͣõxʷʇɨιͬ

ɻəȶʯwŏяѱͬĥ͢ıƄдЩg˪žːhдЩȶ¶ͬ͞Ͽ͂ӠΔmςžːhͳǀͬ

ϰҪǶʔΔkEDPlm˸ѲͬƆðhwĘŕy͞ģƏ͖Ūǭ¶͞ 32KB L1 ӿҕϙƫş

512KB L2 ӿҕϙƫͬҔ͞Ə͖Ūgŵ 4-1kblx 4-1kalͳ«m¬ʜҦ͞xʭƕ 4 d

͢ıƄgŵkalşkble˷pd̹ʜpΑяѱŹˌpd͈ƳĵʅυōvдЩͬ万©ό

ˊgŵ͂͞wŏӲϺː一xwŏͬ争ɪ̭͢ʁ͐mt͞wŏӲϺː一xǜ³产ͬƗǆg

ŵ 4-1kclą! 4-1kfl÷ĄҬǀwŏͬǲ͞С˩k8m32m64 ş 128l1ͣõxϰҪşǶ

ʔßηͬŭυˇ些ȨîvͬǥλȼѷͤkPareto-frontierlʨσmҁ�ʨσʜҬǀ˷pΑ

С˩яѱҦ͞wŏͬ争ɪ̭͢ʁ͐ş͢ıƄυō͝ȱͬmwŏͬυōːΉh X% PGE, Y 

VD ͬȄǻkX h争ɪ̭͢ʁ͐mY h͢ıƄdʅlgҁ�ǥλȼѷͤɭ҉xҬǀˌpд

                                                
1 ǲ͞С˩h 16 ͬȨîxС˩h 32 ͬȨîʨσˇhγ«mhxw÷ʄшϥ̑ȫĎȶ�ҁҨ̊ʯώõ 16
dǲͬ͞ʨσg 
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Щ̊ʯâ�дЩŅ�w¬ʩȘkǶʔʩǆlǭ]ʩʯʁ k͐ǫŽ˷ʿɛ�̞ϨʩǇϰҪlg

ɡŁ与且mǥλȼѷͤu̹ͬhрʿ�vͬʭ£Цg!

 

ŵ 4-1�ĐϨǶʔΔ(EDP) vs. ӠΔ�ĸϰҪ vs.Ƕʔßη 

�ŵ 4-1kcl-kfleŅ�̧ʢͬ͵õ̊ʯĐϨέ͖ͬ付σşãʯƕ͢ıƄĭ̊ʯ

争ɪ̭ͬ͢ЍσxãʯĐϨέ͖ͬνσşϘσo于ͬѦӒǲ͞С˩ƌ予Ϧ串ˀ串Ɨm

ҁ且ʖĐϨέ͖ͬȅŢӒ CoDA ˋ，С˩ͬƌƗϦƌđgƣˊ̊ʯ̵҂ͬēȜ̱͢Đ

Ϩέ͖m̊ʯ争ɪ̭ͬ͢ƗС˩ͬдЩȓӨҦ͞®ӝȜĐϨͬʣ°έˀñǇϰҪǹҲm

ҁ˕͉͇xȟϰgҁŹŵȄuИ͓hӒǲ͞С˩ͬƌ予mЉȎŏ˕ͬϰҪǹҲm̊ʯĐ

Ϩέ͖ͬдЩͬǶʔ串ˀ串ƗgѲƗͬǶʔ且ʖm˱ʔͬдЩҦ͞x®ӝȜĐϨͬʣ°

έgxoγ«m¶͞ӿȟϰӿӝȜĐϨʣ°έˀЉȎӿȟϰmĬ¶¶͞争ɪ̭͢mȂǲ

͞яѱС˩ƌƗʔϰҪ̞ϨtȘҕƌđgҁŹŵȄuИ͓hӒǲ͞С˩ͬƌ予mŵȄͬ

ǝuХνσşϘσĿȎ串ˀ串ӍǗgŹ CoDA ˋ，uҁʜůhhx¿жy͢͞ѩͬОͯ
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͐mǲ͞ƌđʔǌНƌđʩƕźy͞ģƏ͖Ūmҁ�y͞ģƏ͖ŪǦˀxͳǲ̱ͬ͢Đ

ϨǹҲg!

Ĭ¶ãʯƕd͢ıƄmǀ}ƗС˩яѱˀ且m͙͂ͬδǴȳϥ且争ɪ̭ͬ͢δǴǀ

}ηϑtʜ϶ßҩНͬgБ̽ƌđ͢ıƄ¤ƌđ L2 ӿҕϙƫͬdʅm¬ʜĭŅ�ϙЦ

ǀ争ɪ̭͢Ƶ͓ͬ¹ќgҁ�ƌđͬ L2ӿҕϙƫӠΔͬǹҲ°͓Źŵ 4-1kalx 4-1kbl

˪žːkӠΔlͬ÷Ǣugƌđ͢ıƄtŅ�¶͂uͬ争ɪ̭͢Ņ�ŹʩεͬδǴu҂

Еɹ³mҁŅ�҂p˲ñǇ争ɪ̭ͬ͢Ƒʺȟg�ŵ 4-1kelş 4-1kfleͬЍσşϘ

σo于ͬѦ�ĸ付σşνσo于ͬѦmŅ�ʖʝ͵õ争ɪ̭ͬ͢ȅŢg!

ŵ 4-1kclą 4-1kflИʖmɽĿ͢ıƄʅҪǀǥλȼʨσkPareto curvelͬňv

ХȅŢʯ些kňvХŌΑʨσo于Ѧxe于˵ͳ˸Ѳ乎lmҁʜůhňvХͬдЩƵ

͓ǡϊҦ͞x®ĐϨͬʣ°έşʯʁͬ争ɪ̭͢g͢ ıƄʅҪǀǝuХӿȟϰͬдЩȅ

ŢѲƗgʆ°umҦ͞ƕ͢ıƄͬдЩãʯʩӿͬʁ͐mǭ]дЩt享НʩƕźϿ͂Ӡ

ΔˀЉȎҁΑ£ĖgŹϿ͂uãʯwʉƌđʧ΄ͬʔ�mҁǅʜpdō͖ͬɈegҎĽ

wŏ争ɪ̭͢ɅʸȶǦˀͬ£ĖòpКƌđͬ͢ıƄȶɬͯmдЩeĬ¶̊ʯφδǴͬ

争ɪ̭͢�̽Ņ�ɮӿtÂͬϰҪʁ͐g¬ʜŹяѱǲ͞ѲҩͬȨîvmʜŔҦ͞Ó҂

ͬ争ɪ̭͢ǅǀϰҪʁ͐ǦˀΘƗȅŢgǀ}ĥ͢ıƄдЩȨîmȂǲ͞яѱС˩ѲƗ

ʔmCoDA дЩȓӨҦ̵͞҂ͬēȜĐϨέ͖ɅʸmŔýƗҪy͞ģƏ͖ŪȶǂϷ̱ͬ

͢ĐϨǅ亚®ηϑͬʆ°ϰҪʁ͐gБ̽ L2 ӿҕϙƫƑĆwϰʎ些Ⱦǔm¬ʜҁ�ѣ

ĖИʖǀ}˸ʷʇȶРƾͬяѱʩƗͬяѱˀ且mǲрǅдЩ÷čhʩƕͬ͢ıƄˀɮ

ӿʁ͐ͲąƑĆ L2 ӿҕϙƫͬǹҲѡ之xϿ͂ͬӠΔξʾg!

И 4-1 ûõxҬǀ˷Αwŏǲ͞С˩ʔmϰҪǶʔΔʭ£ęʔ CoDA ˋ，ȶҦͬ͞

дЩĵʅgϰҪǶʔΔʭ£ЦǀƗ乱÷ǲ͞С˩Ңʜγ«ͬm¬ʜǀ}ʭƗС˩ͬдЩ

享НҦ͞ѲƗ͙ͬ͂ˀñǇΗǰŹ͙͂于义Ζʔͬ¦Ѷʔ于gҁtʜʷʇƕϖŅȾǔˋ

，ȶǦˀͬ£ĖmŅ�ʩđ̸̕źҍǲŌΑǲ͒͞Ɗg!

И 4-1 ϰҪǶʔΔʭ£ęдЩ 

яѱe

ͬǲ͞

dʅ 

L2 
Cache 
(KB) 

L1 
Cache 
(KB) 

ʭƗ͙ 
͂ӠΔ

(mm2) 

͙͂

ʅҪ 
C-core
ʅҪ 

EDP 
vs SW 

ӠΔ

(mm2) 
pJ/inst 

đҕ

vs SW 

ǜ

ϻ

Ǳ 

͙͂/
͢ı

Ƅ 

Ɔð 512 32 - 1 0 1.0 10.29 51.05 1.0 HP 1 

8 512 32 0.5 5 22 0.200 43.20 10.40 0.941 LP 1-2 

16 512 16 0.5 9 44 0.206 45.20 9.97 0.857 LP 2-3 

32 512 32 0.5 20 88 0.218 50.70 11.50 0.930 LP 5 

64 512 32 0.5 40 176 0.270 60.70 13.39 0.892 LP 10 

128 512 32 2.0 16 352 0.286 72.70 14.80 0.926 LP 4 

!
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� � � �B�� Ñ�-óuPRNdác�

 

ŵ 4-2�EDP ʭʯдЩͬϰҪ̞Ϩ÷Ǣ 

ŵ 4-2 ǔΉxupǆϼeȂǲ͞яѱʅҪґ̩ƌƗʔmдЩΛ于e͈ƳС˩яѱv

ʭ£ęͬ CoDA дЩeȠϰҪ̞ϨͬŌdυȱ乱÷gѣĖИʖmǀ}ƗƃдЩkОͯʩ

Ɨͬǲ͞lm̱͢ĐϨş�乔ĨɢxҩН乱÷mϦЩάȶ享ϰҪĨ˸ґ̩亚®mҁʜů

hƗ乱÷ЩάҢ义ΖąӿϰҪʁ͐ͬy͞ģƏ͖ŪugόˊИʖmǏέ CoDA дЩҦ͞

xѥƖƕͬ C-core ˀОͯǲ͞яѱǭ]Ņ�亚®ΗǰѽЕʔ 94%ͬ͞}ЩάͬϰҪ̞

Ϩm¬ʜЩάȶ享ϰҪŹȠϰҪ̞Ϩe�ĨȌǆp乱÷gƗ乱÷ͬϰҪҢКʧ΄̞Ϩg

Ĭ¶Ҧ͞xƕd͢ıƄşʁ͐h 98%ͬ争ɪ̭͢[73]mȠϰҪeǅ乎ʯ 50%ͬϰҪ乐ʜК

̱͢ĐϨȶĨɢgʅɢŹǐ乱şÙǐ�乔uͬ¦Ѷ�ĸǀ L2 ӿҕϙƫͬе二tĨɢx

ȌƗp乱÷ϰҪ̞Ϩg�乔σȶ¶ͬ͞ϰҪtѡ之xѽάҗ久ȶ享НͬϰҪg!

�ŵ 4-2 emŅ�Ъиą�vb̹gΦp̹nǏέƗƸͼҚÏ CoDA ҁ˕ͬƗС˩

ƑʺϿ͂mдЩʔ享Нέ͖̱͢ĐϨo¬享Н̑ȫͬʜmǀǡϊҦ͞xƕd͢ıƄ�ĸ

ʁ͐h 98%ͬ争ɪ̭͢őm亮̵̕Ū�̱ͬ͢ĐϨ�̽wƹȚТgΦ|̹nѲhǮѽͬ

ʜmǏέ�ŵ 4-2 eŅ�͵õӒ CoDA ˋ，ͬȾƗmŌΑǹҲwʉƌ予g¬ʜǀ}Ɨ

С˩ͬ CoDA�̽Ņ�ϼʹòÂͬϰҪ̞Ϩmtǌʜ且 CoDA ˋ，·ƵʜŅ�ʯʁȾǔ

ͬmҁʜѲhqРͬό七gʅɢИʖǏέƫŹp�ǹҲm¬ʜŅ�Оͯ 128 dǲͬ͞

CoDA ˋ，xҔ͞Ə͖Ūͳ˸�̽Ņ�ЉȎʅÂͬϰҪʁ͐ɮӿgǀ}Ȍƕǲ͒͞Ɗm

·ƣ Android ǫņm128 dǲ͞òpŅ�Оͯ 80%ͬηϑѽЕʔ于[3]mҁȫŝ CoDA

ͬȾǔϰĎŅ�Ò÷̯ѥƵӇͬ享̀g!

� � � �B�� Ñ�-Ãò��

CoDA С˩ȾƗͳǲźϿ͂ӠΔt¤Ӓoƌ予gϿ͂ӠΔȾƗȶǦˀ̳ͬŹϝӐ͐

uĠʜpdʯ临ͬÆȎЫ七ͬ与ӱgůhĳƤͬǲ͞ΗǰŅ�ѽЕŹʶϊÁɽͬ�±p

d͙͂eͬҔ͞iƏ͖Ūumǭ]ŹҔ͞iƏ͖ŪuѽЕǭw享Н͈Ƴͬ C-core ɻəm
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ȶ� CoDA ͬдЩΚǀ}Ɨ乱÷͂u˩ſˀ且ʜŅ�ƹȔϝӐͬoǀ}ʯϝӐͬ乱�m

ΫĥźwéĴ¶͞ĬŅg{Ƶum͞ ˀˠ̙ C-core ʜŔŅЉȎ�ҜÖìΝͬʹĆŅ�Ͳ

ɩ͞ŹҜÖ¶͞ʯϝӐͬ乱�ugů˱mCoDA Ņ�ŹpƳΗǴuϙЦʐͭĠӿͬϝӐ

͐二ӱmȳϥȂˌpͱːǲ͞�яѱeΖӏʔmCoDA Ͽ͂ŹĐϰu乐ʜŅͬ͞mǭ]

乐Ņ�亚®ϰҪ̞Ϩgůh CoDA дЩeȶ¶ͬ͞ C-core ǀΗǰśˀ且ʜ习ʖͬmȶ

�ΗǰśŹϚëΗǰʔǭw¤ʯŅ͞ȟȳϥЏɓęʌӠͬ交Έgů˱mƗС˩ͬ CoDA

Ĭ¶ʎϝӐͬϹ͐®}Ѳǆͬ SoC Ͽ͂m¬ʜʯϝӐͬ CoDA Ͽ͂uͬƗ乱÷Ū�乐

ʜŅͬ͞g!

� � �B�� ohjwÍ�

ŹȂ��ʤϰȸʹąʅɢeȒͬЩάǫņumǭļȽЕʎƏwŹmȶ�͖ЦƕσΗ

şƕǲ͞Ηǰяѱǀ CoDA ͬȅŢǋâҩНkĻo�̽lgʷǆόЫ七ƕσΗǀ CoDA

ˋ，ΔˇͬȅŢş̞ˇͬȅŢmǭ�ωòΑɅʸˀЦíƕσΗȶǼØͬʋ二ӱg 

�ΔˇͬХǴˀ͵mCoDA ˋ，eŏʔѽЕƕdσΗŅ�ɮӿÙǐͬϰҪʁ͐gҁ

ʜůh��Ņ�÷ɳƆʷųƳͬ�vϰҪǹҲn1ḻ͢ĐϨǼѠͬϰҪǹҲo2l�乔

ϞϏͬǹҲo3lƫÎηϑǹҲg¬ʜŏʔѽЕͬǭļΗǰŅϰ¤Ρz¶͞ˌ�͈Ƴͬ

C-coregȂbdǲ͞Ηǰŏʔе二y争hÞ�ͬǱöʅk·ƣnglibclϦдЩͬ C-core

�ĸȂƕdσΗȽЕͳŏͬǲ͞ǭȽЕąŏpdöʅͬʔÄm��ǌ¤Ρz C-coregŹ

ҁΑȨîvmΡzƚ丢ͬσΗȳϥѿŮҔ͞iƏ͖ŪuȽЕmҁ˕¤͉͇ϰҪʁ͐oȳ

ϥΧȋmͲąŅ�¶͞ C-coremҁ˕¤͉͇ȟϰgʷΚeÈд业ǴŪȠʜ业ǴΡzƚ

丢ͬσΗѿŮҔ͞iƏ͖ŪuȽЕgʩđ̵҂ͬ业ǴŪŅ�Ҧ͞ʩhƑʺͬŗļǻɅʸ

ˀēȜźíƳʜ͉͇ϰҪʁ͐乐ʜ͉͇ȟϰg 

� � � �B�� b©�ßå§�tq�

CoDA ˋ，emΡz C-core ҁΑȨîļͬ͝˫ʅĽí}ˌΑ C-core ŹηϑeƵ·

ęͬdʅ�ĸ享Н¶͞ҁd C-core ͬσΗͬʅҪg͞} Profile ǲ̻͞�ͬΗǰtŅ

�͞}ЉĽ C-core ¶͞ȨîͬÀȢgҁ�ÀȢ¶³ϥͼҚŹ͈Ƴǲ͞яѱ产ōvηϑe

享НƑĆƕǇd͈Ƴͬ C-core ˀҜÖìΝg 

ƣˊ profile õˀͬʅɢxƵӇяѱēȜѽЕͬ享̀wŏmƕdŏʔѽЕͬσΗȶǦ

ˀͬÞŏ÷ɌųƳǹҲͬƢƏt¤ľąɠƷgŹʷʇͬǭļȽЕƵ仍emϤЎxbΑw

ŏͬяѱ÷ǢȨîgΦpΑȨîʜяѱŽЖ÷ǢmрΑȨîɭ҉xȶʯǲ͞ΗǰŹηϑ

eҢĨ͞ͳŏͬȽЕʔ于oΦ|Αяѱ÷ǢȨîʜ亮ŽЖ÷ǢmҁΑȨîɭ҉x 10%ͬ

ǲ͞Ĩ͞xηϑe 90%ͬѽЕʔ于g 

ŵ 4-3 şŵ 4-4 ǔΉxΗǰΡzy͞ģƏ͖Ūşяѱxy͞ģƏ͖ŪγƃwĜҤʔ

ͬϰҪʁ͐gƵ仍ӷÓҎɕˌp͈Ƴ CoDA дЩoКҎĽͬʜǜ³产h 128 dΗǰʔm

ǭ]ΗǰяѱŽė÷Ǣʿ�vдЩΛ于eŅ�ɮ¸ʭµϰҪǶʔΔͬдЩgȂяѱŽė
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÷ǢʔmдЩȶǂϷͬΗǰΡzy͞ģƏ͖Ū˥͐ѲǆgИ 4-1 ͬʭőpЕʜҁdдЩ

ͬã°ĵʅgҁd CoDA дЩĘŕ 16 d͙͂mʭƕŅ�ɻə 16 dŏʔѽЕͬσΗg 

 

ŵ 4-3 ŏʔƕσΗͬ£Ė 

ŵ 4-3 ǔΉxȂяѱş͈Ƴͱː CoDA ˋ，ey͞ģƏ͖Ū÷ǢĜҤʔmґ̩ƌđ

ͬŏʔѽЕͬσΗǀǫŽ˷ʿɛ�̞ϨͬϰҪͬȅŢgȂяѱşy͞ģƏ͖ŪĜҤʔm

σΗo于ͬΡzȨîâƵȌǇgŵ 4-3 e÷Ąͣõx˷ʿɛ�ȽЕʔȶ̞ϨͬǫŽϰҪm

�ĸbdʋƌđͬυȱ乱÷n1l÷ɳǹҲk·ƣmƕdŏʔѽЕͬσΗŅ�÷ɳųƳ

̱ͬ͢ĐϨǹҲlo2lìΝǹҲk·ƣm͠}Ρzˌpdy͞ģƏ͖Ūƚ丢ǂϷσΗŹ

Ҕ͞Ə͖ŪuȽЕϦwʜŹ C-core uȽЕȶǦˀͬӳƔϰҪǹҲlghxʌ¼Рƾmŵ

4-3 eʭuӠǩʅσʿɭ҉xηϑeŃʯpdѯ�σΗŹiƏ͖ŪuȽЕʔǫŽ˷ʿɛ

�ȶ̞ϨͬϰҪg 
 

 

ŵ 4-4 ΡzìΝǹҲ 

ʅɢИʖƌđ 3 dŏʔѽЕͬσΗŅ�ǅǫŽ˷ʿɛ�ѽЕͬϰҪ̞Ϩ亚® 9%g

ƌđͬσΗѡ之 4 dʔmìΝ̞ϨͬϰҪѡ之ŽɳȶñǇͬϰҪǹҲgȂѽЕ 16 dσ

Ηʔm˷ʿɛ�ȶ̞ϨͬϰҪxĥσΗͳ˸ƌđx 5%g 

xŵ 4-3 eͬʅɢwŏmŵ 4-4 Б̽Ҧ͞xͳŏ CoDA дЩm¬ʜȶѽЕͬяѱʜ

亮Žė÷Ǣͬgҁ˕¤�͝яѱxy͞ģƏ͖Ū÷ǢͬwĜҤȨîmtǌ�͝Ѳƕͬσ

Ηǀy͞ģƏ͖ŪͬΡzìΝmǭǂϷѲ®ͬϰҪʁ͐gŹҁΑȨîvmӒσΗʅҪ
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ͬƌđmìΝǹҲǂϷxǫŽ˷ʿɛ�ȶ̞ϨͬϰҪȘҕƌđgȂѽЕ 16 dσΗʔm

˷ʿɛ�ȶ̞ϨͬϰҪƌđx 2 ÂƕgìΝǹҲƌ予ͬƣ˱Ѻҕʜ͠}яѱͬ÷Ǣx͝

ȱ CoDA ˋ，ͬЭτʅɢ产wĜҤȶǂϷͬg 

� � � �Ìm.¥�-µMÁÓ�

ŹƗ乱÷Ȩîvm͝ ȱ CoDA ˋ，ʔǌǀʶˀηϑяѱ҂Еζ·ͬ profile ʜwŅϰ

ͬmȶ�ηϑѽЕʔǀy͞ģƏ͖ŪͬΡzìΝtʜwŅҜÖͬg¬ʜmˋ，ǤŅ�Ҧ

Ľp�ʌǻˀ亚®ҁΑȅŢgʭΫĥͬñǇìΝǹҲͬď̎ǌʜǀy͞ģƏ͖Ū҂ЕƑ

Ćˀɮ¸ӳƔͬΆ�ЩάϰĎg¬ʜҁΑʌ̎òp¤ƌđbÂͬ CoDA Ͽ͂ӠΔmǭ¶

ĥdσΗͬϰҪʁ͐亚® 23.4%gůhҁ¤ƌđǅ乎pÂ̱ͬ͢ĐϨǹҲ�ĸƌđ�乔

ǹҲg 

hx亚®ƑĆy͞ģƏ͖ŪȶǦˀͬӠΔǹҲmˋ，Ǥ享Н̑ȫҁd{ƵnŹƗƕ

ʅȨîvmǲ͞ΗǰʜȌǇ¶͞ҁ�ê²ͬ C-core ͬgҁǌ½¶ˋ，ǤŅ�Ҕ之Гōƕ

dê²ͬ C-coremǭ¶͞ҁdê²ͬ C-core ˀñǇΫĥƑĆƕdwŏ C-core ȶǦˀͬ

ȅŢgʇ͏[19]eɭ҉xƣ±Гō C-coregрΚeǔΉxƣ±ϵēźиĄͱːöʅex

â�öʅͳ«ͬ乱÷mǭ͝ȱpdГōͬy͞ģƏ͖Ūͬ之Ηgȶ͝ȱͬy͞ģƏ͖Ū

w¬ɻəƕdwŏ�˵mϦ]t��˸̊ʯϊ之Гōͬ C-core ӠΔƗp̹̹mϰҪʁ

͐®p̹̹gʇ͏[19]ͬƵ仍όˊИʖnГōőͬ C-core ŹОͯʩƕѯ�ĐϰͬȨîvm

ӠΔ˸ĥ͌ͬƕd C-core ñǇ 23%mŏʔxҁ�ĥ͌ͬ C-core ͳ˸ϰҪʁ͐亚® 27%g

ůhǀ}y͞җ久ˀ且ēȜϰҪ̞Ϩ��ʜȠϰҪ̞Ϩͬpǆ乱÷mȶ�ҁdʻЖҔǩ

Ņ�hӠŒƕσΗяѱͬ CoDA ˋ，ǦˀϰҪʁ͐ͬ£Ėg 

 

ŵ 4-5�ê² C-core ͬƢƏ 

hxҪęͬ÷ˉГōȶǦˀͬƢƏm̫ ϼÿǸxpdʋͬ CoDA ˋ，gŹʋηϑe

¶͞Гōê²ͬʌǻh˷Αγƃͬ C-core ŹĐϰuɮ¸ 2 ÂͬʅҪgҁ¶ʋ CoDA ˋ

，mЀїxӳƔ 41%ͬӠΔϦ]亚®x 15%ͬϰҪʁ͐kxĥσΗяѱͳ˸lgŵ 4-5

ǔΉxxŵ 4-3 şŵ 4-4 ˸ѲmȂηϑeĘŕГōͬ C-core ʔǫŽ˷ʿɛ�ͬȠϰҪ̞

ϨgГōɅʸw¬Ņ�hŽėяѱ÷ǢkvʌbʿσltŅ�h亮Žėяѱ÷Ǣke于
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bʿσlǦˀƢƏgǀ}Žėяѱ÷Ǣˀ且mŹѽЕ 16 dσΗʔĘŕГō C-core ͬη

ϑŅ�ɮӿ 7.4%ͬϰҪʁ͐gǀ}亮Žėяѱ÷Ǣˀ且můhяѱx C-core wĜҤm

ГōɅʸŅ�ɽũʭƕ么 22.1%kѽЕ 7 σΗʔlͬϰҪʁ͐mǭ]ŹѽЕ 16 dσΗ

ʔ£ę 11.1%ͬϰҪʁ͐g 

� � � �hjwÍ-Ø]ga�

ƌđ CoDA ˋ，eŏʔѽЕͬσΗͬʅҪȶǼѠͬłpdÆȎß̑ͬ二ӱʜǀʯ

ʁǦƺͬă͞şΡzҔÀ个̭g̽ϦȂ C-core ʅҪȞċƌđʔmCoDA ˋ，ȶɻəͬʭ

ƗǭļȽЕσΗ些ĆŹ͙͂ͬʅҪgʩ҂p˲mИ 4-1 eӠŒ 128 dǲ͞яѱͬ CoDA

дЩeãʯʭ£ęĥσΗ EDP ͬдЩ��¶͞x 16 d͙͂mtǌʜҁΑȨîvʭƕŅ

�ʯ 16 dσΗǭļȽЕg 

 

ŵ 4-6 ͂ƔƫÎǦƺ¶͞Ȩî 

Ź͙͂çƫÎηϑҦ͞ӧǰļ。�ĸӆƈȽЕͬʌǻmȂηϑŃʯ 16 d͙͂ʔŏ

pʔĈ CoDA ˋ，eŒƔŲдƐļѠͬʭƗƫÎŪϝƚʅҪh 16mǭ]乱÷ϝƚ乐Ņ

�Ź|οӿҕϙƫeŞegMIT ͬ Raw[72]Ə͖Ūtãʯ 16 d͙͂mǭ]Ҧ͞xxʷ

Κͳŏͬ͂uϞϏşͳ«ͬƫÎηϑkǏέ Raw Ə͖Ū̊ʯ|οӿҕϙƫlgŹ Raw Ə

͖Ūͬ 16 d͙͂uŏʔѽЕͳ�ʎßͬ SPEC ̙мΗǰȶǦˀͬȟϰɠƚǆ} 7%gŹ

ƵӇηϑemʷʇļ͓ůhpοϙìҦ͞ӆƈȽЕͬʌǻmCoDA ˋ，xĳƤͬҔ͞Ə

͖ŪȽЕʌǻͳ˸mǭ̊ʯʝЌͬƌđpοӿҕϙƫϝƚőх̀|οӿҕϙƫͬ亿͐g

ʷʇ万©xȶʯ̙мΗǰ享Нͬ͂ƔƫÎŪǫŽǦƺm̽ őЩάxȂѽЕ串ˀ串ƕͬσ

Ηʔȶ享ͬ͂ƔƫÎŪǦƺmǭÈдҁ�̙мΗǰŹηϑeŽė÷Ǣgƣŵ 4-6 ȶΉm

ʷʇͬƵ仍tИʖmŹЩάǭ¶͞яѱǫŽǦƺͬȨîvmCoDA ˋ，ǫŽǀ͂ƔǦƺ

ͬ享̀ʜĞ÷ʠҔͬm��¶͞pfbd LPDDR2 ҔҚǌϰ̯ѥgʷʇtЪиąmҎĽ

wŏͬяѱǀǦƺН̀ʜwŏͬg·ƣѽЕ 16 d MCF ̙мΗǰʔmǦƺΡzǅȱhȅ

ŢȟϰͬiНůθmҁΑяѱ˸ʷʇȶϤЎͬяѱ享Н 3 Â�uͬǦƺgҁΑȨîŅ�

Ź 2D-mesh ϞϏŜѷϼ̹ɚѱʩƕź͂ƔƫÎϼ̹ϙЦg 

� � �Sd B�� È�§�r���

ҔǩηϑşϿ͂ͬдЩϥŅ�Ź�v 4 dwŏǑ˫uǀϰϨ҂Е£ęmȂ̽ʯ�ʌ
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̎享НƕdǑ˫ͬɅʸɻəgŹǜϻοum͠}ʷʇͬ˩ƃǡϊϤЎx͓Ź Intel ͬ 3D

ʣ°έkFinFETlɅʸmȶ�҂p˲£ę享НРƾʶˀͬɅʸļǔg� ITRS ʭʋÛǢ

ͬ2013ǬѩσŵŅ�ͼҚmʁ ˀŹǜϻο亚®ĐϨşϰϨͬʌ̎享Нʩ҂p˲ͬΚm

ΚͬiНʌŒʯ�vòdn乱÷ϨǏϐϛ°u΄kPDSOIl[85-89]fÙϨǏϐϛ°u΄

kFDSOIl[90-93]fBULK Ʌʸ�ĸ Multi-GatekMGl[94-96]Χǜϻg˱Ɣm͠} MOSFET

ͬ�Ӏ¦ǂ̱̗ʜŪ�ͬƆʷǕȟmȶ�ӏ亮ǜϻοʯӴОǻͬ҂ǔk·ƣn¶͞ʋƃ

ͬŪ�Ľ� MOSFETlmŔýǭwϰ�；ʷuЦíʧ΄二ӱg 

Ź͢ѩοumŅ�》мɨι¶ͬ͞ɅʸĘɖƇˑʁǲ͢ѩ[97, 98]fēȜƕӀÆ CMOS

kDynamic Multi-threshold CMOSl͢ѩ[99]fĺӀÆ͢ı͢ѩkDouble-Volagel[100-102]f

ŹҔÀҗ久ƣ͂uϞϏe¶͞Ǻ˲җ久[103-108]ΧΧʌ̎gҁ�ʌ̎ȈȈҢʜƆ}Ū�ͬ

͖͈͆ȉmҔ之ɽĿʣ°έͬȐό，ǭ͞ʋͬĆ书ǜϻ�ĸʩđȀƗͬǹļǜãˀƵ͓g 

ʭǩПͬΚʜǕ}°ηό，οͬ£ęgǀ} Cache ͬēȜĐϨ£ęmƗ乱÷£ę

ͬͱːʜhxñǇеƫͬ˫ʅȳϥñǇ˷˫еƫȶ享ͬϰϨgǩПͬñǇеƫ˫ʅͬʌ

̎Ɨ乱÷ʜŌΑƆ}ϙìͬɅʸ[109-114]gҁΑɅʸͬƆʷõļ̹ǌʜŹ°ηό，eƌđ

pdʩǆͬϙìm͞}ƫÎʩʯŅϰКΟĬе二ͬʅɢm¶ȎƏ͖ŪͬеƫƗ乱÷Кҁ

dǆϙì之̰m�ñǇǀ Cache ͬе二gҁ�Ѳǆͬϙì͠}Ĩ͞җ久ǇfĐϨѲ®m

ȶ�¶͞ҁ�ɅʸŅϰ҂p˲亚® CoDA e Cache ͬēȜĐϨgñǇ˷˫еƫȶ享ϰϨ

ͬʌ̎tʜƕΑƕ˕ͬmʯƆ}ǀеƫЕh҂Е÷ˉǭӫ̙ʶˀеƫʅɢͬѩӫ̙Ʌʸ
[115-118]otʯ÷˲从е二ːΪşʅɢͬʌ̎[119]mҁ˕ŹͼҚеƫʶŞeʔǅwéе二ʅ

ɢƫÎŪgҁ�ʌ̎ȈȈǜ³ŹƏ͖Ū：ç乱mȶ�Ņ�Ѳhƹʗ̦ͬđ҂ CoDA ͙ͬ

͂eg 

ǀ Cache ͬӝȜĐϨ£ęͬȝѩҔǩƆ}ßɤw享Н¶ͬ͞乱÷ Cachemҁ享Н

Cache Ź°ηό，uʯ乱÷ͬҩ，ϰĎgҔǩ Cache ͬŅҩ，ϰĎĘɖ�vòΑnƹҪ

ͬҩ，[120]mҔǩÁɽ Cache eͬυʅoßϪǴҩ，[121-124]oϙƫЕƗǆͬҩ，[125]Χg

ҁ�ʌ̎ҢŅϰҤōηϑοͬ£ęʌ̎ˀ҂p˲ñǇ Cache ͬӝȜĐϨg 

ǀ�乔ϞϏēȜĐϨͬ£ęȝѩƗ°utʯbdʌŒn1lñǇʅɢŹ�乔ϞϏu

¦Ѷͬ˫ʅmҁΑʌ̎Ņ�¶͞ʩđʤϰͬʅɢх̀şǲΨʹĆ͜϶¶ȎǳǑƫÎŪŅ

�ѲhʯʁźɫҌʅɢ¶ȎñǇҁΑх̀şǲΨ˫ʅmȳϥʩđʤϰͬ�Ēʚ。ʹĆ
[126-129]o2lǏҪñǇʅɢ¦ѶͬϢ丽mҁΑʌ̎ȈȈ¶͞p�ϚɅʸ[130]g 

ηϑǑοͬ£ęȈȈʜ�ʆdηϑͬХǴõļͬmǩПͬʌ̎ĘɖēȜ͢ı/亿͐业

ϼɅʸkDVFSl[131-133]fƕʔҭƄɅʸ[134, 135]fƕ͢ıƄдЩ[136, 137]�ĸγ« Intel ̤ͬ

Ǵ̭͢ßʉɅʸ[46]gБ̽ʷʇͬ CoDA ˋ，˩ƃeǡϊǀҁ�Ʌʸ҂ЕxǸ˩m¬ʜǸ

˩ͬδǴxi̗Ũ͞Ə͖ŪͬƵӇȨî乐ʯpƳǟѦg·ƣmʷʇͬ˩ƃe��ʯ 4 d

͢ıƄmϦ`ϽŹ 2011 ǬдЩͬ SoC ãʯ 25 d͢ıƄmӫЩʶˀϿ͂ǅʯʩƕͬ͢ı
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Ƅoǀ}ʔҭƄmĢh̝ȝͬԃ仔 920 Ə͖ŪĘŕxòͫdʔҭƄgů˱ǀ}҂p˲

Κ CoDA ˋ，дЩm乐享НɨιʩφδǴͬηϑοĐϨέ͖ʌ̎mǭ҂ЕʩφϷͬǸ˩

ˀРƾĐϨͬ÷ǢȨîg 

�ŵ 4-2 eŅ�͵õ�vò̹m1lǀ} Cache ͬӝȜĐϨ£ę£ÓοНӿ}ǀ Cache

ēȜĐϨͬ£ęmůhŹ CoDA ˋ，e Cache ͬӝȜĐϨН҃ӿ}ēȜĐϨg2lǀ}

�乔ϞϏm͠}ēȜĐϨ҃ӿ}ӝȜĐϨmȶʯǀ}�乔ϞϏͬēȜĐϨ£ę£ÓοН

ӿ}ӝȜĐϨ£ęg3l҂p˲ΚɪĆƗҪy͞ģƏ͖ŪͬӝȜĐϨtĞ÷ҩНg 

ǀ}£ę Cache ͬӝȜĐϨĉӠȶɮąͬ Cache ҩ，�ĸηϑǑοͬʌ̎ǅѲhʯ

ʁgǀ}ñǇ�乔ϞϏͬēȜĐϨŹĉӠɮąͬʌ̎Ɣmɮõ�vӳƔ̳ͬŹʌ̎g 

ӫĽkPrefetchingl[70, 138-140]ʜǩПͬɮӿ Cache Şe͐ǭɮĠηϑȟϰͬʌ̎g¬

ʜӫĽt¤书ȱƗҪӳƔͬʎ͞ʅɢ¦ѶmӫĽŮͬʅɢƣˊͲɩ҂Ø Cache 乐Ņϰ书

ȱ Cache ̅ˍ�ĸʅɢӴα二ӱgϦ�®Ǒ˫ƫÎŪŒӿǑ˫ƫÎŪɫҌkPushlʅɢ

ý˰ƢͳĻmůhɫҌͬ之Ηw享НƏ͖Ū：ļѠх̀mǭ]ɫҌˀͬʅɢѲhƹʗĂ

ʉʜɫҌˀͬmҁ˕ǌŅ�ŹӿǑ˫ Cache ʍѷдЩǆϙìˀϙìҁ�ʅɢmӃ˯ǀ

Cache eĳʯʅɢ书ȱȅŢ[141, 142]g 

³ϥʫϊǀĥ：Ə͖ŪeͬɫҌɅʸ҂ЕxсφͬΚmǸ˩ő¶͞ʔҭζ·ͬ�

ͶŪ҂Еxсφͬ�Ͷmļ͓��¶͞Ϋĥͬ乔ϕɫҌɅ kyǀɛ�҂ЕƌҪ乔ϕɫҌo

ǀ}ʅɢ͠}Ηǰ¶ͬ͞ʅɢeƫŹˑȶ�҂ЕźżƌşñbdʌŒͬɫҌlmǌŅ�

¶ȎƏ͖Ūǀ|ο Cache ͬе二ñǇ 34.6%mʯʁñǇxх̀ʅɢĘŹ�乔uͬ¦Ѷ˫

ʅgpοɛ� Cache ͬϝƚ͐ñǇ 74.6%mpοʅɢ Cache ͬϝƚ͐ñǇ 39.6%gʆ°

uΗǰͬ IPC Ņ�ɮӿ 6.6%gҁdɫҌ˩ſͬ个̭̞Ϩxӿҕϙƫͳ˸�Ĩ 0.2%gʩ

҂p˲mƣˊόō L0 Cache ɅʸmǅʩđʯʁͬɮӿеƫŹǆϙìeͬŞe͐mҁ˕

ǀ亚® Cache ͬēȜĐϨtʜʯăͬg˱ƔmIPC ͬɮӿ且ʖΗǰѽЕҕǴđȘmѽЕ

ʔ于ǅϜͽmҁtʯĔ}亚®ʆdΗǰѽЕͬϰҪ̞ϨgҁdΚļИ}七ʇdTolerating 

memory latency: L2 cache actively push architectureeşdAAP and AAPM: improved 

prefetching structures of the L2 cacheeg 

Ź 2D-mesh�乔ͬCoDAˋ，emL1Ѧ L2ʩ҃mȶ�ñǇͬҔÀǅʩhʯȫng

¬ʜŹҁΑȨîvmƣ±ϖɉϙƫͬpϷȟ�ĸɫҌǦˀͬҔÀǹҲΧ二ӱt享Нʩ҂

p˲ͬφϷΚg 

˱Ɣʯp�dȟϰĐϨ˸eѲӿͬɅʸtʜÆȎɨιͬm·ƣŏʔƕσΗɅʸǌ͠

}dȟϰĐϨ˸eѲӿϦǲ͞Ź Intel ͬѡ®ĐϨΖēƏ͖Ūe[46]głƔ³ϥҬǀѲǆ

ͬđ̎Ū͢ѩ》м¶͞之̥ōǜϻǱ̗͂ͬɅʸmҁΑɅʸͬƆʷȝȪʜ͢ѩͬßҵѩ

Ȋ¶͞ HP ǱeͬːðĥÑmϦŹ亮ßҵѩȊ¶͞ LP ǱeͬːðĥÑmĥÑͬʬɡŹ

őΣ̗Ηe¶͞ PrimeTime ҂ЕgƵ仍ИʖҁΑʌ̎ʁˊѲƢm¬ʜͱĉͬϵēʬɡΗ
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ǰǜ³乐ʜѲhϙȯmʎ̎ǲ͞ŹƗƃ͢ѩumʯȓНǀʬɡά̎҂Е҂p˲ɨιg 

� 	 �ª<¬³�

Ӓʧ΄͓юͬđċmˋ，Ǥ˰ŹŒҔ͞ˋ，e产ȱ串ˀ串ƕͬy͞ģƏ͖Ūg

GPU ʜpd͈Ąäƃͬ·ƨmЃ͈ǈş AMD ʭʋɮ¸ͬϿ͂Ңǅ GPU şƏ͖Ū产ȱ

ŹpſϿ͂ugʭ乎Ȍƕ�[143-145]tŹ》мȾǔϚΗтШˀӼ今ҁ�ʋõ͓ͬǺ，Щά

ǫņm·ƣh GPU ȶдЩͬ CUDA[146]mh̗˙ˋȶдЩͬ Brook тШ[64]m¬ʜ��ȶ

ß̑ͬҢʜãʯӿǴǭЕş）ʄϩōͬΗǰȽЕ˩ƃg 

Ĭ¶ʜѲh̸ͬ̕Ǻ，Ə͖Ūˋ，m·ƣЃ͈ǈͬ EXOCHI[144]mtӠgŹŏp

dдЩeƣ±¶͞ 1000 dwŏy͞ģƏ͖Ūҁ˕ͬɝȴgEXOCHI eǅӧǰȽЕΗǰ

ʚ。ąǺ，ȽЕǼɺ享Нh˷pſͱːΆ�ɮ¸͈ƳͬϚ下Ūg 

�ĉ��Κ之¶ǲ͞ΗǰͬƗ乱÷ŹƆ}Ņҩ，ͬΆ�uȽЕoxowŏmʷʇ

ͬдЩeǲ͞ΗǰƗ乱÷ѽЕŹ͈Ƴͬy͞ģƏ͖Ūug·ƣmTartan[147]ǅʆdΗǰʚ

。ąǑ˫ęͬεδǴǺ˲Ņҩ，ό，ugŅҩ，җ久ãʯѲƢź̸̕ȟm¬ʜ Mishra[54]

万©ļ͓ƣˊНʚ。ʆdΗǰҞmǌ享НΆ�ͬЏɓęɅʸmҁǅƗƗƌđȟϰşϰҪ

ǹҲg 

ůhŅ�ñǇσǶ予m͙ ͂ęȱhpΑɮӿηϑȾǔȟͬҔ͞ʌ̎m·ƣ MIT Raw

Ə͖Ū[72]mUT Austin ͬ TRIPS Ə͖Ū[148, 149]�ĸĢͰ人ƗƬͬ WaveScalar Ə͖Ū[150]g

͠}͙͂ό，ŅȾǔmȶ�ŅȾǔͬ CoDA ˋ，tҦ͙͂͞ό，gҦ͙͂͞ό，t¶Ȏ

ƗҪͬģƏ͖Ū÷ʄŹƕdƫÎŪ�ĸiƏ͖Ūɩŀo于gGreenDroid[3, 4, 6]Κ七ʇe

ɮõxŹ¶͞ģƏ͖Ūͬηϑe¶͙͂͞ˋ，m¬ʜ GreenDroid ͬΚǭʶ̟ĸʷʇȶ

ЦíͬηϑŅȾǔȟ二ӱg 

Hannig[151]ɭ҉xpΑҔ之»ØȟЩά˩ǻēȜźǅЩάʚ。ąǺ，ƕ： SoC ͬ˩

ƃgϦ CoDA ˋ，tŅ�̳Źź�ҁΑɨιǭЕ个̭eЉȎƢƏm͓ Ӆ˵ͬ CoDA Κ

产eß̑}亚®iНͬfЕǲ͞ȶ̞ϨͬϰҪg˱ Ɣm̫ ʇʯȫź¶ CoDA дЩŅ�ѽ

ЕʶϊÁɽͬ¦ϑѯ�̭ͬ�m��享НϚ下ŪŹΗǰͬöʅxΆ�ȶОͯͬöʅo

于Êʚ。mҁǌ¶Ȏ CoDA дЩǀ}Ηǰśʜ习ʖͬgh CoDA ˋ，дЩʋΗǰͬʭʯ

ʁʌ̎mʜpdÆȎ҂p˲Κͬʋщӱg 

x CoDA γ«mʇ͏[152]tɮõxpΑӠŒʧ΄ʔ�ϦдЩƕ：ηϑͬʌ̎gр

ΚiНӠŒ°ηό，ͳŏmϦ˷d：Ҭǀwŏǲ͞҂Еwŏ͢ış亿͐£ęͬˋ，mϦ

]��Ы七xѽά：ͬϰҪʁ͐gxowŏmCoDA ͬΚδǴʩφmǭ]Ы七xʩđ

Ǻ，ęͬѽάŪ�głƔʷw�Ы七xѽά：mϦ]tЫ七xƫÎηϑş�乔ό，g 

ĉ�ͬΚm·ƣʇ͏[54]miНºҩ}ΚдƐЏɓęşέ͖đҕŪç乱ͬͬǐ乱

ƫÎŪˀɨιƕσΗşģƏ͖Ūo于ͬ��ßηgͳ˸ovmCoDA ˋ，e¶ͬ͞ C-core

ʷˀǌãʯpϷȟmȶʯw享Нç乱ãʯѲƗͬΏʯƫÎŪgC-core tŅ�Ҕ之Гō[19]
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ˀϙЦ个̭ͬìΝgҁΑГōʌ̎Ņ�ʏwƌđ C-core ʅҪmtwƌđǀЏɓęͬɻəg 

ʇ͏[5, 13]ɨιxƣ±¶ΗǰͬƗ乱÷ѽЕŹƆ}争ɪʔҭͬģƏ͖Ūum¬ʜҁ�

ģƏ͖Ūǭ̊ʯ¶͞争ɪ̭͢gŵ 4-1 Иʖm ͠} CoDA ˋ，eŹƗ乱÷ʔ于eƗ乱

÷ͬ΄ҢǅƏ}ҽϟşßʉ̭ͬ͊͢Ȝmȶ�争ɪ̭͢ʜȅŢѲҩяѱvƗС˩ CoDA

ˋ，ͬϰҪʁ͐ͬßҵůθgдЩ�ś享Н¶ CoDA ˋ，ŹԉЪȨîv�pǹƤmȶʯ

ͬƏ͖Ū乱�ҢƏ}̤Ǵ¡ͷͬ͊ȜgҁΑѽЕ˩ǻŹȐ《¦ȬŪ[153]şâ�ϰҪ亮ǩ

ßҵͬηϑe亮ǩǩПm¬ʜ�wʜҔ͞Ə͖Ūͬ¦ϑѽЕ˩ǻg 

� 
 �c¼�

ʷΚxǅȱͫuğͬy͞ģƏ͖Ū产ȱąҔ͞ˋ，ȶǦˀͬŅȾǔȟʌӠͬ

二ӱgiНß̹̑Ź}mӠŒƗС˩ͬǲ͞яѱ CoDA ˋ，ʜŔ乐Ņ�ȱÂźɮӿϰϨ

ʁ͐gϊ之ηϑȟźΚ CoDA ͬдЩΛ于ИʖmŅОͯ 128 dǲͬ͞ŅȾǔͬ CoDA

дЩmŅ�hʆdяѱǦˀ 3.7 ÂͬϰҪ£ęş 3.5 Âͬ EDP £ęgҁÒ÷且ʖx CoDA

ˋ，ͬϰҪʁ͐£Ėm҂Ϧжʖx CoDA ˋ，ãʯϰҪȾǔȟg̫ 乐ļ͓ŹƗС˩͙

͂ό，дЩͬŅȾǔ CoDA ˋ，emĆξϰҪʁ͐ͬßҵůθʜʧ΄乱÷̱ͬ͢ĐϨf

�乔ͬǹҲ�ĸƫÎηϑg 

Ƶ仍όˊИʖσΗΡzÞ�ͬy͞ģƏ͖Ū些ĆxϰҪʁ͐ͬɮӿm¬ʜ CoDA д

ЩŅ�ɮ¸pΑӿʁͬdê²y͞ģƏ͖Ūeͬʌ̎ˀЦíҁd二gŹσΗǫŽ÷ɳ̱

͢ĐϨm�乔şƫÎηϑǹҲͬȨîvm¶͞рʌ̎¶ȎѽЕƕσΗяѱͬ CoDA xĥ

σΗяѱͳ˸Ņ�ЉȎ 3.8 ÂͬǫŽ˷ʿɛ�ϰҪ£ęg 

ʷͬiНçƹļИ}七ʇdExploring Energy Scalability in Coprocessor-Dominated 

Architectures for Dark Siliconeg4.4ǆϼ乱÷çƹļИ}七ʇdTolerating memory latency: 

L2 cache actively push architectureeşdAAP and AAPM: improved prefetching structures of 

the L2 cacheeg 
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Equation Section (Next) 
5 �B�� hs¹¾×Ô-`¡�

 

Źĉʇсφɭ҉x CoDA ˋ，fC-core ͬό，fS-core ό，ͬƆumʷҩß

̑şɨιΆ�Ƶ͓ CoDA ˋ，ͬ二ӱgΆ�Ƶ͓ͬ CoDA ˋ，w¬Ņ�仍ждЩȝȪͬ

ŅƵ͓ȟmǭ]tŅ�仍ждЩͬ˰·ȟǋâʜϵē͝ȱͬ C-core �ĸ C-core xiƏ

͖Ū��ͬ˰·ȟgʷʇͬƵ͓÷hb乱÷nΦp乱÷¶͞ FPGA ɲǸxĳƃηϑmΦ

|乱÷ɨιxΫĥ CoDA ͬ ASIC Ͽ͂Ƶ͓gʷiНçƹƣvn 

Φpǆϼ�ω Basejump ȘҕĳƃɲǸηϑmрηϑʜɲǸ CoDA FPGA ĳƃηϑ

ͬƆgрηϑ FPGA дЩƵ͓fѯ�介ēfɹ³ηϑÁɽ乱÷͠ʷʇ³ϥǹļgηϑ

ǡϊṋ̀ώđǛƗƬŸÕԁʊ÷˔şǵƝǈƗƬmǭ]tК_ͤͬ MaXentric Ûŋ¶͞g

Ϋĥˀ丁mBasejump ɮ¸xpʆƠ͞ȵƳĆϿ͂fFPGA ǹļˆ�ĸiʹͬ�乔ɩŀm

ƕΑƔдɪĆŪ�ĸ Linux uͬ介ēΗǰgǹļŰ互¶͞ Basejump Ņ�ȘҕӿʁͬǸ

Οĳƃ仍жǫņşϿ͂仍жǫņg˱ ƔmBasejump Ҕ之Ҧ͞ѨϿ͂ͬ͒ȄϞϏŅ�¶Ȏ

2D-mesh ϞϏѨϿ͂җ久Ⱦǔmҁ˕дЩǤŅ�¶͞ƕſ FPGA pѠˀ仍жѲƗͬ ASICm

ȳϥ¶͞ ASIC ş FPGA pѠˀ仍жʶˀ̓ʷͬ ASIC Ͽ͂g 

Φ|ǆϼ�ωǅΫĥ CoDA ˋ， GreenDroid 产ȱą Basejump ˋ，őȶɲǸͬƱʆ

FPGA 仍жǫņm�ĸƣ±̙м仍жȶʯ͢ѩͬ˰·ȟgâeĘɖĥ͌仍ж˷pd˩ſ

ͬ˩ſ仍ж�ĸ仍жʆdηϑş C-core ̙ͬмΗǰg 

ΦtǆϼɨιΫĥ CoDA Ͽ̗͂ͬ͂ǜ³gͱːϿ͂Ęŕbd͙͂npd͙͂Ęŕ

iƏ͖Ūşpd C-coreołpd͙͂hΦ|�ωͬ S-coremҁʜ产ȱȶʯʷʇɮ¸ͬ

y͞ģƏ͖ŪͬʭΫηϑgʷƱȱxϿ͂ͬĉΣдЩfIO дЩf�ĸőΣдЩg 

	 � ��6(�!G#C pêhslj¹¾�

ȂдЩǤǹļʋηϑşдЩϿ͂ͬʔÄmȈȈ享Н产ȱŌΑŌ˕ͬƔдɪĆŪ�¼

Ҕ之ҁ�Ɣд乔ɩâ�дƐmÞŏˀɻɶͱːηϑͬ˰ǩѽЕm·ƣǀǹļͬƏ͖Ū҂

Е̙мmǌ϶Ǉ享Н产ȱiƫÎŪg产ȱƔдɪĆŪw¬Н̞ϨƗҪͬǜ³ʔ于mǭ]

ƔдɪĆŪͬ业мȈȈtѲhű亦gƆ}�uĳů�ĸƵӇӦͱǹļ享Нmʷʇǹļx

Basejump ηϑgрηϑŅ�ǨĔдЩ�śȘҕǸΟĳƃηϑmǭϼʹƗҪͬƔдş介ē

ǹļʔ于m¶ļŰ互Ņ�ʩy̑}ϵǠͬдЩgłƔmŹ CoDA ˋ，ƵӇǹļ之Ηem

ļ͓ĥſӿΣ FPGA 个̭ʎ̯̎ѥ仍ж ASIC Ͽ͂ͬ享̀gȶ�Ҭǀ 2D-mesh �乔ͬ¢

：ˋ，ɮõx͠ѨϿ͂͒ȄϞϏ乔ɩͬѨϿ͂җ久ŅȾǔ 2D-mesh ͂uϞϏmǭhѨϿ

͂ͬ˷pd 2D-mesh ͖͆ҔҚ÷Ąɮ¸ѨϿ̗͂ͬɪʹĆg 

Basejump ͬƆʷȝȪПŵ 5-1mνϺЏʌ˙ҨӠͬǌʜ Basejump ηϑдȪŵgâ

e Northbridge ͞}Ͽ͂xϿ͂于�ĸǹļˆxǹļˆo于ͬ�乔mPlug Board ͞}乔ɩ
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ŌΑwŏγƃͬƔдgҁ˕Ͽ͂ǹļŰ互ǌŅ�ΫĥźŹдЩͬӥǑ̦đҍҤ͢ѩkɩ

ŀ͢ѩlǭǅдЩ乔ɩą Northbridge umҁ˕ǌЉȎxpηûͬƔдɻəmǭɲǸx

ѲhƱʆͬĳƃ仍жǫņgŵ 5-2 ʜʷʇʭψȶдЩͬʆdηϑmâeνϺЏσҨӠʜ

Basejump ηϑgрηϑƗ°u÷htƗ˩ſnƨ k̂Ņ�ʜ FPGA ǹļˆtŅ�ʜ PCB

̓lf˶ˆkFPGA ǹļˆl�ĸuʹkLinux iʹlgЍϺЏσ˙õxtƗ˩ſo

于ͬѷͤg 

 

ŵ 5-1�Basejump ˥șŵ�

âeƨˆuͬҗ久÷ʄŹbſϿ͂enâeĚ k˞Northbridgelʜpſ FPGA Ͽ͂m

р FPGA яёƨˆuϿ͂o于ҔÀ�ĸƨˆx˶̓ҔÀmtǌʜ且ʏʯϿ͂于ҔÀĐϰ

t产ȱxǹļˆ于ҔÀҗ久gƨˆx˶̓ҔÀҦ͞ FMC ɩŀmҔ之ҁdɩŀƵ͓x

LVDS ӿҕҔÀoϿ͂o于ҔÀҦ͞ MURN ϞϏkMulti-University Research Networkl

҂ЕҔЯmрϞϏɮ¸x 4 dҔÀҔҚm˷pdҔҚҢŅ�ĥ͌ҔÀtŅ�ƕdҔҚϋ

ƳkBondinglŹpѠÞŏǜ³gҁ˕дЩͬͱͬʜҜÖϿ͂đǜʔ͠}έϳõҴϦǂ

ϷʆdϿ͂Ңʎ̎xƔͤҔÀmǭʎ̎¶͓ͬ͞юļ͝gƨˆułƔpſϿ͂Ņ�ʜ̗

͂őͬ͞ȵƳĆ ASIC tŅ�ʜ͞}仍жͬ FPGA Ͽ͂gŰ互â�ȱśhҁ 2 ΑȨî÷

ĄдЩx PCB ˆgBasejump 乐ɮ¸xpυѨϿ͂͒ȄϞϏm͞ ȵдЩ产ȱ Basejump ʔ

��享НhдЩ̦đ͒ȄϞϏҍҤŪ乔ɩą͒ȄϞϏug͒ ȄϞϏͬiН³͞ʯ�vò

̹n1lɻəƕd͞ȵдЩpѠ̗͂mҁ˕w¬Ņ�÷Ɍ̗͂ȱʷmϦ]tŅ�÷Ɍ IOm

PCB ΧΧͬдЩǜ³g2lҔ之ѨϿ͂͒ȄϞϏ乔ɩƨˆş˶ˆeͬ 2D-mesh ͂uϞϏm

¶Ȏ 2D-mesh Źҗ久uѨϿ͂Ⱦǔmҁ˕ǌŅ�¶͞ƕſ FPGA ˀÞŏ仍жƗС˩ͬ

ASIC дЩg3lŅ�¶͒͞ȄϞϏŒηϑe产ȱâ�ƕΑƔдg 
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ŵ 5-2 ηϑ˩ſŵ 

˶ˆʜpſ FPGA ǹļˆmâiНͬ³͞ʜ产ȱŌΑƔдɪĆŪǭҔ之ɩŀ乔ɩƔ

дmŏʔŅ�Ҕ之 PCIE ɩŀ乔ɩuʹmǭ]Ȃƨˆ FPGA 个̭wѥʔŅ�÷Ɍ乱÷

ASIC җ久gͱĉŅ�ɮ¸ͬ业мȱĐͬƔдɪĆŪʯ DDR3 çƫɪĆŪfEthernet ϞϏ

ɩŀffЕҔÀɩŀfFMC ɪĆŪfPCIE ɪĆŪ�ĸ LCD ɪĆŪg˶ˆͬ FPGA e
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tɮ¸x͒ȄϞϏş͙͂五û�ǀǲϿ͂eͬҗ久g͙͂五ûŅ�ʜͶƵź五ûkĘŕ

ƵӇͬƏ͖Ūȳ͞ȵдЩlmtŅ�ʜЏɓͬ五ûk��Ęŕ 2D mesh �乔ϞϏlgȂ

ĥſ FPGA Ͽ͂个̭ʎ̎仍ж ASIC җ久ͬʔÄmŅ�Ź˶ˆu产ȱͶƵź五ûmǭŹ

五ûͬƏ͖Ūu产ȱy͞Ə͖ŪgЏɓ五ûͬ³͞��ͳȂ} Plug BoardmŅ�乔ɩƕ

ΑƔдgȂ͞ȵw享Н乔ɩƕΑƔдȳϥ͞ȵͬдЩw¶͞ 2D mesh ͂uϞϏʔmŅ�

дЩҍҤŪǭͲɩǅ FMC ɪĆŪx享Нͬҗ久ͳ乔mȳϥǅƔдͲɩ乔ɩą͒ȄϞϏ

ug 

Ҕǩuʹʜpņ PC ͢ϲȳϥʱĒŪm³ϥhuʹɮ¸x Basejump ηϑͬ介ē

ΗǰkĘɖηϑç：介ēş͞ȵΛ于ͬ介ēlfIO ҔÀҔҚͬɪĆ介ēşηϑѽЕʔ

͒Ɗgâe Basejump 介ēΗǰƵӇuǌʜ PCIE ͬ介ēΗǰoIO ҔÀҔҚŅ�ǀʅɢ

¦Øş¦õ 2D mesh ϞϏÊ̗ҪɪĆm¿жwaĘoηϑѽЕʔ͒ƊŅ�ǨĔ˩ɓɹ³

ηϑmʌ̎ʜ˩ɓȽЕpηûͬηϑ业͞ǭǅҁ�ηϑ业ͬ͞όˊѿŮώ͞ȵдЩgҁ

˕ǌΫęx͞ȵǹļƏ͖Ūʔͬ仍ж͒ƊɲǸͬƑʺȟg̫ дЩӠŒͬuʹɲѱͬʜ

Linux ɹ³ηϑg 

͠} Basejump eĘŕƕΑƕ˕ͬ�乔ό，m·ƣ͂uͬ 2D-mesh ϞϏf͂uͬ͒

ȄϞϏmϿ͂于ͬǭЕ�乔şfЕ�乔ΧΧmѲhƑʺgȶ�ŹƗ°uxЦ Basejump

ͬ˩ſυȱoőmʷˀсφ�ω Basejump p�дЩН̹mӷÓ�ωŌdҔÀ乱�o

于̗ͬɪmâ˫�ωʋǹļͬp�ҩНυ�ͬģЮmé˫�ωѨϿ͂Ⱦǔͬ 2D-mesh Ϟ

Ϗ�ĸâ�ҩНçƹg 

	 � � ��6(�!G#C /§�{×Ô�

Basejump eȶʯg乎˩ſ�ĸѨϿ͂fѨ PCB ˆͬҔÀҢ҂Еxy争̗ͬɪдЩ

kflow controllmҁ˕ʏŅ�¿жҔÀͬҕǴĶŅ�¿жҔÀͬð·ȟҜÖʅɢĘaƚg

̗ɪͬƆʷȝȪʜʅɢͬļҌʌŹļҌʅɢʔ·øźͼҚʅɢɩɼʌʜŔʯΛ于Ņ�

ð·ͬɩɼʅɢmȂɩɼʌʯΛ于ʔ乔ϕļҌʅɢͲąˠ̙ąɩɼʌʎ̎ɩɼʩƕͬʅ

ɢm˱ʔļҌʌǅ҂ØΧȋͬ͊ȜͲąɩɼʌŅ�ϒϕɩɼʅɢgҁ˕ͳǀ}oĉ¶͞

ͬɰȸʌǻǅƗƗñǇΧȋʔ于mɮӿҔÀͬʁ͐g 

̗ɪͬßҵŹ}·øͼҚɩɼʌʜŔʯΛ于Ņ�ɩɼʅɢmҔǩȨîv̗ɪдЩe

ͬɩɼʌ¤ŹɩɼΣ̦đ FIFOmϦļҌΣ̦đ̗ɪҗ久ЩάɩɼʌČ²ͬ FIFO Λ于g

Č²Λ于ͬЩάƆ}�v 3 dÀȢn1lɩɼʌ FIFO ͬ“ƤƗǆo2lļҌʌʋļҌͬ

ʅɢ享НĨͬ͞Λ于o3lɩɼʌͬ FIFO ʋҧɿõˀͬΛ于gâeΦpdşΦ|dÀȢ

ҔǩŅ�ŹļҌΣͲɩЉȎmƣ±ЉȎΦtdÀȢȱhдЩН̹g 

；ɢ̗ɪvͬҔÀ˩ſͬϟѦßηmBasejump e̗ͬɪƗϷ÷h 3 Αʌǻn1l

g乎˩ſ于g2lg乎Ͽ͂ȳ PCB ˆ于g3l亮g乎ͬѨϿ͂җ久g 

ǀ}g乎˩ſŅ�ŹɩɼʌдЩy争ͬÀŊσяёҔͼļҌʌʯӳƔͬ FIFO Λ于
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Кҧɿm·ƣ Basejump ex 2D mesh ϞϏ�乔˩ſm͒ȄϞϏŌd�ķǹßo于ͬ�

乔gǀ}g乎Ͽ͂ȳ PCB ˆͬдЩmŅ�¶͞y争ͬȳϥƑͬ͞ IO ҔͼļҌʌʯӳƔ

ͬ FIFO Λ于m·ƣ Basejump e MURN ϞϏͬҔҚş FMC ҍҤŪg亮g乎ͬѨϿ͂җ

久o于̗ͬɪʌ̎ʩh̸̕Ƒʺmůh��o于¦ѶͬʅɢȈȈ享НȻĘşɍĘmǭ]

ҁ�ʅɢНϊ之Ȍƕ˩ſ҂Е¦Ѷ͜϶ϊ之ƕ˫ģЮ丽ɡmyͬ͞ÀŊσŅϰ¤Ĩ͞ƴ

іͬǦƺmů˱Ҕǩ¶ͬ͞ʌ̎ʜǅҧɿΛ于ͬÀȢxʅɢpѠȻĘ҂ʅɢĘȳϥhΛ

于ҧɿÀȢƌđĥ͌ͬЏҔҚgƣˊҦ͞ЏҔҚͬʌǻmҔǩдЩ¤дƳpdӀÆmȂ

ҧɿͬΛ于ʅҪѡ之ӀÆʔ͝ȱpdʅɢĘǭ¦ҌώļҌʌgŹ Basejump emѨϿ͂

ŅȾǔ 2D-mesh e¶ͬ͞ BDIOM o于̗ͬɪǌʜҁΑ亮g乎ͬѨϿ͂ʌǻg 

ʷдЩȶ¶ͬ͞ 2D mesh ϞϏģЮş̗ɪʌǻx MIT Raw Ə͖ŪͳŏgҁҨǌ�

ǀɩŀ҂Е�ωgɩŀş̗ɪ˩ſƣŵ 5-3 ȶΉmâeļҌʌ乔ϕļҌʅɢkdatam32

lşʅɢʯʁÀŊkvalidlmͲąļ͓ɩɼʌ̊ʯČ²ͬ FIFO Λ于gɩɼʌͮɪ FIFOm

Ȃʯʅɢ� FIFO ĽõýҔͼļҌɿ FIFO Ķƌ̦pdČ²Λ于kҔ之 thanks ÀŊlg 

 

ŵ 5-3�2D mesh ϞϏɩŀş̗ɪ˩ſ 

â²bΑ̗ɪʌǻ÷ĄŹ�ω MURN ģЮş BDIOM ʔ҂Е�ωg 

	 � � �Ë�ðé; /53��.�1 eÕ�

MURN I/O ģЮʜpƠϿ͂ƔşϿ͂çҔÀɩŀːðmҁƠːðɻəƆ}ƕdҔҚ

ͬҔÀʌǻg�Ͽ͂Ɣ҂ØϿ͂ͬʅɢĘȓӨ̯ѥ MURN I/O ģЮmpʑʅɢ҂ØϿ͂

ǭϊ之 MURN ˩ſő享Н̯ѥ͒ȄϞϏģЮgʷǆϼсφ�ω MURN I/O ɩŀģЮm

Ά�җ久˩ſ�ĸŗēʔͬ˔ðǜ³mvpǆϼ�ω͒ȄϞϏģЮg 

ůh MURN I/O ͬͱː¶͞Ȩîʜ乔ɩ͞ȵƳĆ ASIC Ͽ͂ş FPGAmҞmŹ͞ȵ

ƳĆϿ͂ͬ、Лέϳ些Ćş Die I/O pads ͬʅҪ些Ć�ĸ̗͂ȱʷͬĆξvmMURN I/O

ͬҗ久ÀŊҢҦ͞ĥΣƃksingle-ended ǀǲ} LVDS ҁΑȱǀÀŊlÀŊgŹ MURN I/O

ģЮͬдЩӅ˵mϤЎąŹϿ͂đǜʔŅϰ¤õ͓ I/O έϳđǜ二ӱǂϷˌ�έϳƚʁ

ͬȨîmȶ�ҬǀҁΑȨîʷдЩҦ͞ƕdҔҚǭ]Ņ���¹ӟ϶ǇpdʯʁҔҚ҂

ЕҔÀgłƔϤЎąŌdҔҚͬҫǕσŹ PCB ˆuͬўσ予ǴŅϰwp˕mʷдЩt

¿жxŌdʯʁҔҚŅ�ǜ³Źwŏ亿͐şͳͬʔҭvg 

ʭψʷдЩͬ MURN I/O Ęɖ 4 dҔҚmɻə 1 dҔҚ͌Οǜ³f�ȫbdҔҚϋ

Ƴǜ³�ĸ 4 dҔҚϋƳŏʔǜ³gŹϋƳȨîvmŌdҔҚtʜŅ�ǜ³Źwŏͬʔ

valid
data

valid
data

Credit
Tracker

Credit
Tracker thanks

thanks
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ҭvͬgʔҭ͠ North Bridge ɮ¸mǭ]Źηϑ˔ðͬʔÄ·ƳŅ�¶ͬ͞ҔҚş˷d

ҔҚͬǜ³ʔҭg˷pdҔҚʯĺŒͬҔѩυȱmpdҔѩͬʅɢƺh 8 g͠}Ҕ

Қç乱ͬʅɢ乐ʜǭЕļҌmȶ�̊ʯȓНÊʅɢͬ˔ðkbit alignmentlgʷдЩ

ͬ FMC ҍҤŪe¶ͬ͞ LVDS Ҧ͞fЕҔÀmȶ�享Н¶͞ʅɢ˔ðg 

ŵ 5-4 ʜ MURN I/O ͬό，˙ŵmǝºǔΉx 4 d MURN I/O ҔҚm˷pdҔҚʅ

ɢƺǴʜ 1 ƪϼǭ]Ņ�͌Ο¶͞gȂηϑŗēʔҔҚН҂Е˔ðm˔ðͬͱͬʜ·Ƴ

ҔҚʜŔŅ͞�ĸҔҚŹ�mʔҭ亿͐vϰ˰ǩǜ³gȂ˔ðƱȱőmҔҚļҌ enabled

ÀŊώҔҚϋƳɪĆŪkmurnio assembler cbclˀ·ƳŤ�ҔҚŅ�ϋƳŹpѠǜ³m

ǭǅ͝ȱͬϋƳɪĆÀȢļҌώѶõɍĘşѶØȻĘҗ久gҁ˕ɍĘkmurnio assembler 

outlҗ久ǌ¤ǅ͒Ϟ¦Ѷ之ˀͬ 80 ʅɢɜ̾Ņ͞ҔҚȨî҂ЕɍĘǭļҌą͂Ɣm

ȻĘҗ久kmurnio assembler inlt¤ǅ͂Ɣ¦Øͬʅɢ˰·ȻĘȱ͒Ϟʅɢ¦Ø͒Ϟg

͠}Ͽ͂ͬ IO ǜ³亿͐şϿ͂ç乱җ久ǜ³亿͐wŏmȶ�˷pd MURN I/O ҔҚe

ĘŕbdǺ˲ϙƫgâepdʜʅɢļҌϙƫksend fifol͞}ļҌʅɢą͂Ɣmłp

dʜʅɢɩɼϙƫkrecv fifol͞}ɩɼ͂Ɣʅɢg 

˷pd MURN I/O ҔҚҢĘŕpǀĻŒͬʅɢҔѩm˷ pdҔѩǀϿ͂ƔҢĘŕ�

vҗ久ÀŊn8 ͬʅɢÀŊf1 ͬʔҭÀŊf1 ͬ Token ÀŊş 1 ƺͬ Command

ÀŊgâeʔҭşʅɢʜ̭ŏ˲ͬmToken ʜ͞}̗ɪͬÀŊmCommand ÀŊʜːиȂ

ĉ¦Ѷͬʅɢʜ˔仍ʅɢ乐ʜΗǰѽЕȶ¦Ѷͬʅɢgʯˌ�͈˴ͬ˔仍ʅɢ͞}Ҕͼ

MURN I/O ͬłƔpºҔҚðƐƢΧgҁ˕˷pdҔҚĥdʌŒʯ 11 ÀŊmĺŒ享

Н 22 o4 dҔҚȠÞ享Н¶͞ 88 dҗ久ÀŊg͠}Ͽ͂έϳuͬÀŊέϳϢ丽p˫

̞ϨϰҪѲƕkͳǀ}ç乱җ久lmȶ�ʷдЩͬ Token ÀŊ˷Ϣ丽p k˫0->1 ȳ 1->0l

Иʖ̗ɪͬɩɼʌ FIFO ҧɿx 2 dΛ于g 

MURN I/O ͬ˔ð之Ηƣvn 

1lŹƑÀŊƚʁőmĚ˞uͬ MURN Χȋ 128 dŜʵm�ȋ˔ðͬbΣ͢ѩҢ

ǡϊʯʁƑǭðƐƢ˔ð之Ηg 

2lĚ˞Σͬ MURN I/O eͬ˷pdҔҚļҌ 128 ƪϼӫÓдƳͬǩʅǰûmҁd

ǩʅǰû͠ 16 dwŏʅɢǭҩƑ 8 ˫�͝gҁ�ǰûʜϊ͠ҔҚeͬʅɢļҌϙƫļ

Ҍͬg 

3lŹ͞ȵдЩΣͬ MURN I/O ¶͞ʅɢɩɼϙƫɩɼҁ�ʅɢǭ͞ʅɢļҌϙƫ

ǅҁ�ʅɢ¦ŮĚ˞g 

4lĚ˞uͬ MURN I/O ˠˎɩɼʅɢϙƫшõͬʅɢgƣˊʅɢxļҌͬ 128 ƪ

ϼʅɢĜҤmҞmҁdҔҚǌ˔ðxgƣˊ̊ʯĜҤm亚®ʔҭi亿̽ő为丽ąΦ 2 ˲

ҩʋļҌ 128 dʅɢgдЩдƳxpdʔ于ӀÆmȂˌpdҔҚ˔ðőǹƤЩʔͲąЩ

ʔŪ么ąӀÆm˱ʔ̊ʯ˔ðͬҔҚТh˔ðƚ丢g 
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ƣˊȶʯҔҚҢ˔ðƚ丢mýηϑǅpͲɚѠkpendinglmiʹŅ�Ҕ之шĽ

Basejump ɮ¸͈ͬ˴ƼƫŪxЦηϑͬ͊Ȝgƣˊʯ϶ǇpdҔҚ˔ðmҞmηϑŅ�

ϒϕâ�ͬŗē˲从g 

 

ŵ 5-4�MURN IO ˩ſŵ 

	 � � � oÄ½�

͒ȄϞϏŹ Basejump eɀ̲ҩНͬХϺmҔ之͒ȄϞϏηϑŅ�乔ɩƕdwŏ

ͬ͞ȵдЩfƕdϿ͂çͬâ�ϞϏk·ƣ 2D-meshlfƔд�ĸâ�͞}Ҥϟȳϥ业

мͬ˩ſgҗ久u͒ȄϞϏŹtſϿ͂于Ⱦǔg͒ȄϞϏɮ¸xpυ͠�乔σȳϥϿ͂

Pin 乔ɩͬ�ķǹßm˷pd�ķǹßҢŅ�乔ɩpdϞϏϼ̹gηϑe͒ȄϞϏͬҗ

久ŵПŵ 5-5g 

Ź͞ȵƳĆϿ͂u͒ȄϞϏŅ�乔ɩƕdwŏͬдЩmǭ]Ņ�¶ҁ�dдЩКĥ

̙͌мoĚ˞Ͽ͂uͬ͒ȄϞϏŅ�͞}乔ɩp�Ҥϟȳϥ业м˩ſm·ƣʷдЩͬҤ

ϟϞϏɪĆ˩ſmŅ�ɪĆĚ˞Ͽ͂ļҌŞ�ǀ͞ȵƳĆϿ͂ͬˌ� IP ȳ˩ſ҂ЕҤ

ϟgŹ˶ˆuӠͬ͒ȄϞϏҔǩŅ�ҷÏͬ乔ɩ͙͂五ûǭ乔ɩƕdƔдg  

͒ȄϞϏeͬ�ķǹß÷hbγn1lͮŖ˩ǻǹßmҁγǹßwĂʉȶ¦ѶͬĘ

ͬͱːźżϦʜͲɩǅĘ¦Ҍώȶ乔ɩͬϼ̹kȳϥͲɩǅϼ̹¦ˀͬĘ̑Ø͒ȄϞ

Ϗlgҁγ�ķǹßҔǩ乔ɩͬʜ͞}ҔÀͬҗ久ϼ̹m·ƣŵ 5-5 eͬ n0 ş n8g2l

łpγ�ķǹßǌʜʠҔ�ķǹßmҁγ�ķǹßЦˉʅɢĘͬͱːźżǭɜ̾ͱːź

ż·Ƴ丽ļͬʌŒgͱĉʷдЩƵ͓ͬ͒ȄϞϏhĥŒ͒mvp˫̗͂ĉðƐƵ͓ĺŒ

͒g�ķǹßͬγƃŅ�Ҕ之ĵʅ҂ЕҤϟmҁΑҤϟ享НŹϚë RTL �ʔƱȱg 
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ŵ 5-5 ͒ȄϞϏҗ久ŵ 

͒ȄϞϏͬʅɢĘ˘ǻПŵ 5-6g͒ȄϞϏͬʅɢĘh 80 ƺgâeĉ 4 h̭ź

żksource IDlm͞ }ːи�͝ʅɢĘͬϼ̹gɩvˀͬ 4 hͱːźżkdestination IDl

͞}ːиɩɼʅɢͬϼ̹gőӠͬ 1 ʜŞ�mƣˊҁh 1 且ʖҁdʅɢĘʜώ�

ķǹßͬŞ�ĘoŔýʜώϼ̹ͬʅɢĘkŹ�ķǹß͵ˀҁʜϼ̹ͬʅɢĘmϼ̹ϵ

ǠtŅ�¶͞ҁΑĘ¦Ѷϼ̹ç乱ƳnͬŞ�lgɩvˀͬ 7 hɹ³mȂŞ�

h 1 ʔҁ 7 ǌʜώϞϏϼ̹ͬŞ�mȂŞ�h 0 ʔҁ 7 ǅ͠ßϪϼ̹҂ЕƳnЦ

ˉgőӠͬ 64 ǌʜʅɢяѱg 

hxҍǲ 32  2D mesh ϞϏmʷʇǀϼ̹ʅɢĘ҂Еx͈˴ͬдЩgĵПŵ 5-6

e͒ϞʅɢĘ˘ǻͬΦtЕgȂŞ�h 0 ʔmɩvˀͬ 7 ɹ³ͬĉ 4 ͞}̗ɪ

ÀȢmˀѿŮɩɼʌ FIFO ҧɿõͬӳƔΛ于gȂ͒ȄϞϏş 2D mesh ϞϏÊģЮ丽ɡ

ʔm˷pd͒Ϟϼ̹ʭƕɻə 4 d 2D mesh ҔҚmǭǀ˷pdҔҚĥ͌҂Е̗ɪm˷d

ҔҚĨ͞p̗ͬɪÀȢmŅ�Ҕ之ҤϟдƳ̗ɪÀȢh 1 ʔѿŮͬÀ͞kcreditl

ʅҪg32 ʅɢą 64 ʅɢͬ丽ɡƣˊ��ΫĥͬӿЗәǅ书ȱ 1 ÂͬǦƺ̛їm

ȶ�ʷдЩͬȝѩƗ°uʜǅ 2 d 32  2D mesh ʅɢĘȻĘ҂pd͒ȄϞϏʅɢĘg

дЩŹ͢ѩeдϟxʔ于ӀÆmȂɩɼąpd 2D mesh ʅɢĘőΧȋpƳʔҭŜʵmƣ

ˊɩɼąΦ|dʅɢĘýΟĈȻĘȱ͒ȄϞϏʅɢĘgƣˊ̊ʯɩɼąΦ|dʅɢĘm

ýǅpd 32 ʅɢĥ͌ļҌgҁ˕ͬдЩ°͓Źx͒ϞʅɢĘ˘ǻug7 ɹ³ͬő

3 wh 111 ʔmИʖőӠͬ 64 Ңhʯʁʅɢmǭ]ҁtːиxʅɢˀϵ}Ťd

2D mesh ҔҚgȂҁtʜ 111 ʔmИʖőӠ�ʯ 32 ʯʁʅɢkword 0lmǭ] word 

1 ͬӿ 3 ːи 2D mesh ҔҚg 
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ŵ 5-6 ͒ȄϞϏʅɢĘ˘ǻş�ķǹßŞ� 

˱Ɣ͠}ʷдЩҦͬ͞ 2D mesh ϞϏǸΟҔѩҦ͞А̓ͬʌǻmȶ��͒ȄϞϏĽ

õʅɢ̑Ø 2D mesh ϞϏʔm享Нǅʆd 2D mesh ϞϏ̞ȢҢɱ产Ùőp˫ȟ̑Ø 2D 

mesh ϞϏgҁ˕Ņ�ñǇ 2D mesh eͬϞϏΧȋʔ于g 

ͱĉʷдЩƵ͓ͬ�ķǹßɻə 6 dwŏͬŞ�mŞ�ûИПŵ 5-6 ͬvġ乱÷g

ҁ�Ş�iНɪĆßϪϼ̹̭ͬ͢fƑÀŊşʜŔ̵̕ßϪϼ̹gâe

RNDISABLE_CMD Ş�͞}¶ͳ乔ϼ̹ƚʁm˱ʔϼ̹�ͬ͝ȶʯʅɢĘҢwϰ̑Ø

͒ȄϞϏm͒ ȄϞϏͬʅɢĘtwϰ҂Øϼ̹gRNENABLE_CMD Ş�̵̕ͳ乔ϼ̹m

˱ʔϼ̹Ņ�x͒ȄϞϏҔÀgRNDOWN_CMD Ş�ßʉͳ乔ϼ̹̭͢gRNUP_CMD

Ȼǹͳ乔ϼ̹̭͢gRNRESET_ENABLE_CMD ͞}¶ͳ乔ϼ̹ͬƑÀŊϟg

RNRESET_DISABLE_CMD ͞}¶ͳ乔ϼ̹ͬƑÀŊƚʁgηϑŗēʔҁ�ϼ̹ͬԉ

Ъ͊Ȝʜßʉ̭͢kpower offlǭ]亮̵ͬ̕gŗēőȻǹˌpϼ̹ͬӧǰhn1lļ

Ҍ RNUP_CMD Ş�Ȼǹрϼ̹̭͢o2lļҌ RNRESET_ENABLE_CMD Ş�¶рϼ

̹ȶʯ͢ѩƑo3lļҌ RNRESET_DISABLE_CMD Ş�¶рϼ̹ƑÀŊƚʁo4l

ļҌ RNENABLE_CMD Ş�¶рϼ̵̹̕gÓƑé̵̕ʜůhҁ˕Ņ�Ӄ˯̵̕ő

͠}͢ѩ̊ʯ˰·ƑϦŒ͒ȄϞϏļҌƗҪʎ͞ʅɢmϦӆƈ͒ȄϞϏg 

͠}ԉЪȨîvȶʯϼ̹Ңʶu͢mǭ]tҢ̊ʯ̵̕mҁ˕ǌ¿жxБ̽ƕdд

ЩÞŏ̗͂¬ʜдЩŰ互Ņ�ĥ̙͌мϵǠͬдЩgʌ̎ǌʜ��u̵̕͢ϵǠͬдЩg 
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ŵ 5-7�2D mesh x͒ϞģЮ丽ɡŪ BDIOM 

ŵ 5-7 ʜ 2D mesh x͒ȄϞϏģЮ丽ɡŪ BDIOM ͬ˩ſŵgͱĉ˷pd BDIOM

ʭƕɻə 4 d 2D mesh ҔҚg͠ 2D mesh Œ͒ȄϞϏļҌͬʅɢmŹ

recore_bdiom_out_aggregated ˩ſǌƱȱx 32 ą 64 ͬ丽ɡorecore_ioport_out ˩ſ

ͬ³͞ʯ 2 dn1l举пkround-robinlɝҎpdʯʅɢНļҌͬ 2D mesh ҔҚg2lˎ

͵ҁdҔҚ̗ͬɪÀȢm·ƳɩɼʌʜŔŅ�ɩɼʅɢmƣˊŅ�ɩɼʅɢǌļҌʅɢo

ƣˊwϰǌ举пvpdҔҚgrecore_bdiom_encoder яёʅɢȻĘȱ͒ϞģЮʅɢg�

͒ȄϞϏ¦Øͬʅɢϊ之ɍĘkrecore_bdiom_decoderlőm·ƳʅɢǕ}Ťpd 2D mesh

ҔҚkrecore_ioport_inlmǭǅʅɢɯØąрҔҚɩɼʅɢͬ互ûegяёɱ产ʆd 2D 

mesh ̞Ȣǭp˫ȟ̑Ø 2D mesh ϞϏͬҗ久Ź recore_bdiom_in_deaggregated ˩ſeg 

	 � � �âË�xd§ ���#�(��

    ͠} CoDA ˋ，Ͽ͂җ久С˩ѲƗmĥſ FPGA Ͽ͂ʎ̯̎ѥ仍жşǸΟĳƃηϑ

ͬ个̭享̀mȶ�ʷʇ》м¶͞ƕſ FPGA Ͽ͂ˀÞŏυǸ仍ж͒Ɗg˱Ɣmʷʇͬ

CoDA ˋ，ͱĉҦ͞x 2D-mesh ³h͂u�Ϫmȶ�ʷʇɮõxѨϿ͂Ⱦǔͬ 2D-meshm

ǭh˷pdѨϿ͂ͬ 2D-mesh ҔҚĥ͌ɮ¸̗ɪg 

ŵ 5-8 ʜѨϿ͂җ久Ⱦǔͬ 2D-mesh ό，ŵgâeЍϺͬ�Ϫσʜupǆϼ�ωͬ

ѨϿ͂ͬ͒ȄϞϏox͒ȄϞϏͲɩͳ乔ͬʜupǆϼ�ωͬ 2D-mesh x͒ȄϞϏͬҍ

ҤŪ BDIOMmBDIOM w�͞} 2D-mesh ą͒ȄϞϏģЮ丽ęmϦ]tяёhѨϿ͂

ͬ 2D-mesh ˷pd͖͆ҔҚɮ¸̗ɪkƨˆş˶ˆuͬ BDIOM o于lgνϺЏσːи

ͬʜҔ之͒ȄϞϏş BDIOM җ久uѨϿ͂�乔ͬ 2D-mesh ʅɢҔѩgȂҁ˕¶͒͞Ȅ

ϞϏʔm享Нǅ͒ȄϞѩдƳȱ̹ą̹ͬҔÀʌǻm·ƣ n5 ��Ņ�x n11 ҔÀfn6

��ş n10 ҔÀgƣŵ 5-8 ȶΉmŹƨˆuƵ͓x 2x2 ͬ 2D-mesh ϞϏmŹ˶ˆutƵ

͓x 2x2 ͬ 2D-mesh ϞϏmҁ˕Ҕ之͒ȄϞϏş BDIOM �乔Źҗ久uηϑeƵ͓xp
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d 4x2 ͬ 2D-meshmҁǅŅ�产ȱ 8 dҔ͞Ə͖Ū：g 

 

ŵ 5-8 ѨϿ͂җ久ŅȾǔ 2D-mesh 

ͱĉдЩ¶͒͞ȄϞϏ乔ɩxbſ FPGA Ͽ͂eͬҗ久͞}仍жǅН 28nm ǜϻ̗

͂ͬ ASIC Ͽ͂gŰ互â�ȱśtǹļx PCB ˆ͞}oő¶͞ FPGA ş ASIC ˀÞŏ仍

жvpd̓ʷ̗ͬ͂ ASICg 

	 � 	 �tNéë§ 2.�2"G� ×Ô�

Basejump 业мȱĐǭŅ�ɮ¸ͬƔдɪĆŪĘɖnfŀɪĆŪkRS232 ɩŀlfϞ

ϏɩŀɪĆŪfDDR3 ɪĆŪfDDR2 ɪĆŪş PCIE ɪĆŪgâefŀɪĆŪѲhΫ

ĥmϞϏɩŀɪĆŪŅ�Ͳɩ¶͞中̸ȝkXilinxlIPmʷʇǅwé�ωgDDR3 ɪĆ

ŪşDDR2ɪĆŪt¶͞ IP：mǭ̦đ�2D meshąDDRɪĆŪͬʅɢ丽ɡşɪĆŪm

Ņ���¶͞Ά�ЦíoFMC ɪĆŪtʜπΆ�Цíʌ˚ʷʇtwé�ωgPCI ͬɪĆ

ŪýѲhƑʺmӏx¶͞ IP ：�Ɣm乐НдЩϵǠͬŅϚΗ I/O Λ于kPIOlm�ĸд

Щiʹuͬ介ēΗǰgłƔдЩ乐Ź PIO eƵ͓xp�͈˴ͬƼƫŪ¼}uʹˎ͵ʆ

d Basejump ͬǜ³͊Ȝmȶ�ʷǆϼǅǀ PCI Plug ͬдЩ҂Е�ωg 

Ź Basejump e PCI Plug ͬiН͞ғʜ¶ȎuʹşǹļˆŅ�Ҕ之 PCIE ɩŀ乔

ɩmǭҔ之ҁdɩŀ҂ЕҔÀgҔÀͬʅɢʯ�vtΑn1l¦ѶΗǰfʅɢ�ĸǹļ

ˆu享НȽЕͬηϑ业͞ÀȢg2lǹļˆuӠΆ�˩ſͬ͊ȜÀȢmĘɖƫÎŪɪĆ

Ū͊ȜfFMC ɩŀ͊ȜΧΧg3lp�͈˴ͬǹļˆŞ�ʅɢĘm·ƣηϑþŗēʔm

uʹŅ�ļҌƑÀŊʅɢĘƑʆdΆ�ηϑg˱ Ɣ乐ʯp�̙мǹļˆͬŞ�ʅ

ɢĘg 

ring network switch (normal)

Motherboarddaughter board

n0

n9

n4

n10

n5

n6

n11

n12

n7

ring network switch (snooping)

Ring�Ring�

Ring�

��

CP
U

��

CP
U

��

CP
U

��

CP
U

Ring� Ring�

��

CP
U

��

CP
U

��

CP
U

��

CP
U

n8

BDIOM
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ŵ 5-9�PCI Plug ˩ſŵ 

ŵ5-9ʜPCI Plugͬ˩ſŵmPCI Plug÷ǢŹuʹşBasejump˶ˆugŹBasejump

˶ˆumPCI Plug x 2D mesh ϞϏͲɩͳ乔mϊ之pυ͞}ѨʔҭƄͬǺ˲ϙƫǌ乔ɩ

ąŅϚΗ IO Λ于mɩŀǳǑͬɪĆŪͲɩ业͞ IP ：gʷǆϼ乐ǅ�ω PIO ͬдЩgŹ

uʹumΆ�乱÷͠ʱĒŪiˆͲɩ产ȱm¬ʜ享Нɮ¸ѯ�介ēΗǰg 

PCI Plug ʜͲɩɚѱŹ 2D mesh ϞϏͬѷ̍mȶ� PIO ͬдЩtȓӨɻəҔҚǻͬ

ҔÀ˩ǻghxɻəҁΑҔҚͬҔÀ˩ǻmдЩŹ PIO ͬΆ�ehȶɻəͬ˷pdҔҚ

̦đx 2 d互ûkFIFOlmɩɼ互ûяёϙƫ�uʹ¦ØąǹļˆͬʅɢmѶõ互û

яёϙƫ�ǹļˆѶõąuʹͬʅɢgŹ PIO eдЩh˷pd互û÷Ҥpdźżmҁ

˕uʹǌŅ�Ҕ之шëҁ�źżˀļҌşɩɼǹļˆͬʅɢg 

uʹşǹļˆo于ͬҔÀtʜ̗ɪͬmдЩŹ PIO ͬΆ�eh˷pd互û̦đp

d͊ȜƼƫŪmҁ�͊ȜƼƫŪǀ}uʹˀ且ҢʜŃшͬmПŵ 5-10gâehɩɼ互

û̦đͬ͊ȜƼƫŪ一ȃx互ûe乐ʯƕǇΛҽΛ于gҁ˕ηϑŗēőm介ēΗǰшĽ

ҁ�ɩɼ互û͊ȜƼƫŪ“Ƥę介ēΗǰç乱ͬЩʅŪm̽ őǌŅ�乔ϕŒǹļˆļҌ

ʅɢͲąЩʅŪhәm˱ ʔҩʋшĽΆ� PIO ͬɩɼ͊ȜƼƫŪmǭћÆώѯ�ЩʅŪm

ƣˊ˱ʔЩʅŪwhәýŅ�ϒϕļҌʅɢgҁ˕ǌ¿жx�uʹąǹļˆŅ�Șҕf

ưÙͬļҌʅɢgŹłpdʌŒumΆ�h PIO ͬļҌ互û̦đͬ͊ȜƼƫŪ一ȃxļ

Ҍ互ûeʯƕǇʅɢ享НļҌgҁ˕Źηϑŗēʔm介ēΗǰшĽҁ�ļҌ互û͊ȜƼ

ƫŪmǭ“Ƥę介ēΗǰeѯ�ЩʅŪm̽őp˫ȟ�ǹļˆшĽȶʯʅɢą介ēΗǰ

eͬѯ�互ûmȂӥǑѯ�шΛ介ēΗǰeͬѯ�互ûőm介ēΗǰшĽΆ�ͬļҌ互

û͊ȜƼƫŪǭʩʋ介ēeͬЩʅŪmǭp˫ȟшĽȶʯʅɢąѯ�ghx¿жȶʯ�

ǹļˆļҌͬʅɢҢКшĽmŹΗǰȽЕόʾĉm介ēΗǰtН举пΆ�ͬļҌ͊ȜƼ

ƫŪm¿жwaĘg 
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ŵ 5-10�ɻəƕҔҚ˩ǻҔÀͬ PCI Plug ό，�

И 5-1�PIO eźż÷Ҥ�

Channel Regs add_i[5:4] add_i[3:0] Description 

receive_status 2’b00 i 一ȃɩɼ互ûeʯƕǇΛҽΛ于 

receive_fifo 2’b01 i ɩɼ互û 

transmit_fifo 2’b10 i Ѷõ互û 

transmit_status 2’b11 i 一ȃѶõ互ûeʯƕǇʯʁʅɢ 

Special Regs Address 

(Linux) 

Address 

(PIO) 

 

channel_number 0x7fc 0x1ff ƫÎxҔҚʅҪmŃш 

host_reset 0x7f8 0x1fe 
ȂëØ 0xffff_ffff ʔm͝ȱ 500 Ŝʵͬ

ηϑƑÀŊmŃë 

test_reg 0x7f4 0x1fd 
͞}̙мͬƼƫŪmŅ�ëØpdÆé

шŮmŅшë 

status_reg 0x7f0 0x1fc Ά�͊ȜƼƫŪmŃш 

                           i : hҔҚϚŊ 

 

ӏxĉӠɮąͬҁ�Ά�互ûş互û͊ȜƼƫŪmдЩŹ PIO e乐ɮ¸xp�͈˴

ͬ 32 ƼƫŪgҔҚʅҪƼƫŪkchannel numberl一ȃx PCI Plug epÞʯƕǇdҔ

Қmηϑþŗēʔ介ēΗǰшĽҁdƼƫŪ͞}“Ƥęѯ�eͬ互ûûИguʹƑ

ƼƫŪkhost resetlɮ¸xpΑѯ�Ƒʆdǹļˆͬʌ̎gηϑŗēőѯ�Ņ�Œҁ

dƼƫŪëØξƳͬʅɢĘ 0xffff_ffffm˱ʔΆ�ǌ¤�͝pd 500 ʔҭŜʵͬƑÀ

Ŋ͞}Ƒʆdǹļˆk˶ˆşƨˆȶʯ͢ѩlg̙мƼƫŪktest regl͞}̙мҔÀ

Recv Status 
R Channel 0

�

������	������

������������
��	

Recv Status 
R Channel 1

Recv Status 
R Channel 2

�

�

Send Status 
R Channel 0

�
�
�

�

�������	������

�����������
��	

�

�

Send Status 
R Channel 1

Send Status 
R Channel 2

Channel 
Number

PCIE PIO

�
�
�
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ʜŔ˰ǩm介ēѯ�Ņ�ÓŒҁdƼƫŪëØpdÆm̽őéшŮǭˠˎg͊ȜƼƫŪ

kstatus regl͞}ˠˎǹļˆuӠȶʯ享НˠˎͬΆ�乱�ͬ͊Ȝm·ƣ DDR ɪĆŪ

ͬ͊ȜfFMC ɩŀͬ͊Ȝfηϑͬŗē͊ȜΧΧg介ēΗǰҔ之шĽҁdƼƫŪˀx

ЦΆ�ʜŔðƐƢǜ³g 

Ź PIO eдЩhĉӠɮąͬ˷pdƼƫŪҢ÷Ҥpdźżmã°ͬźżПИ 5-1g

ͱĉʷдЩͬ PIO ʭƕŃɻə 16 dҔҚgLinux ηϑuͬźżʜ÷Ҥͬ IO Λ于źżͬ

®źżg 

uʹ介ēѯ�÷hηϑç：οͬ介ēş͞ȵΛ于介ēb乱÷gηϑç：οͬ介ē

iНяёŹηϑȇèдƐfhǹļˆ÷Ҥ IO źżΛ于şηϑç：Λ于�ĸxΆ�ǳ

ǑͳßͬҔÀ̗ɪg͞ȵΛ于介ēǅç：źżΛ于ʚ。ą͞ȵΛ于mǭ]ɮ¸xp�ш

ëΆ�互ûͬ、Лöʅmҁ�öʅͬǳǑǌʜǀʚ。őͬźżɛҬͬшëgʩӿǑοͬ

ҔҚɪĆΗǰşѽЕʔ͒ƊŅ�Ͳɩ业͞ҁ�、ЛƢͬöʅg 

	 � 
 �¹¾[Uonb�

ĉʇƗ°u÷˩ſ�ωx Basejump eѲhҩН˩ſͬдЩm͠}ηϑѲhƑʺm

ǭ]Ѩ串ƕſ PCB ˆşϿ͂mʷǆϼ�ωηϑʜƣ±Ƒşŗēͬ�҂p˲且ʖηϑ

Ōd˩ſo于ͬßηg 

 

ŵ 5-11�Basejump ηϑƑşŗē之Η 

ŵ 5-11 ʜηϑƑşŗēͬ之Η̲Ήŵgηϑͬŗē之ΗƗ°u÷h�v˲从n 

1luʹļҌƑʅɢĘώ PCI PlugmȂ PCI Plug ͬ PIO ɩɼąƑʅɢĘʔǅ

͝ȱƑÀŊ͞}ƑʆdΆ�ηϑg˱ʔuʹǹƤ举п PIO eͬΆ�͊ȜƼƫŪm

ͲąηϑƱÙŗēǭ]ȶʯ͊ȜŽ˰·g 

2lsys_bootgen ˩ſ͞}͝ȱ͒ȄϞϏŞ�mȂƮɩɼąƑÀŊőýǹƤΧȋ

FMC ˩ſļҌŮˀͬǹƤŗēkstart_bootlÀŊgҁdǹƤŗēÀŊИʖȶʯ FMC ǝ

Host 
Machine

Host 
Reset 
Packet

FPGA 
Status 

reg

PCI Plug

Host Reset

 1 Wait the 
start_boot set to 1.

 2 Send ring network 
boot sequence.

 3 set the 
sys_enabled to 1

sys_enabled

sys_bootgenFMC_MDFMC_NB

Host Reset

 set the 
start_boot 
signal to 1

Northbridge 
ready

MURN NBMURN 
chip

Host 
Reset  1 wait the reset 

signal

 2 calibration begin

 3 calibration done, 
generate the 
start_boot signal

Host Reset

start_boot 

wait the 
start_boot 
signal, then 
set the 
northbridge 
ready to 1

Your 
Design

Host 
Reset

Motherboard

Northbridge FPGAChip

Daughter Board
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ºͬ˩ſҢǡϊðƐƢxg 

3lȂ FMC_MD ɼąƑÀŊʔmƮНǅҁdƑÀŊ�˶ˆ¦Ѷąƨˆmŏʔǹ

ŗ FMC �˶ˆąƨˆͬ˔ð之Ηg 

4lȂĚ˞ͬ FMC_NB ɩɼąƑÀŊőmƑ FMC_NB ȶʯ͢ѩǭǅҁdƑ

ÀŊ¦Ҍώ MURN_NBg 

5lMURN_NB ɩɼąƑÀŊőmǅÀŊ¦Ѷώ͞ȵƳĆϿ͂kchiplmoőǹ

ŗ MURN ͬ˔ð之ΗgȂ MURN ͬ˔ð之ΗόʾőmļҌpdÀŊώ FMC_NBg 

6lFMC_NB ļѠ FMC �ƨˆą˶ˆͬ˔ð之Ηg˔ðƱȱő FMC ļҌώ

sys_bootgen ǹƤŗēÀŊg 

7lɩɼąǹƤŗēÀŊőmsys_bootgen ǹƤ͝ȱ͒ȄϞϏŞ�mȻǹ享Н̙мͬ

дЩϼ̹goő sys_bootgen ϟΆ�͊ȜƼƫŪeͬηϑǡŗēÀŊg 

8l˱ʔuʹ举пąͬΆ�ηϑ͊ȜhðƐƢm϶˱ηϑƱÙŗēƢgoőu

ʹŅ�ǹƤ¦ҌΗǰşʅɢώдЩǭ҂ЕЩάg 

	 � �B�� hs¹¾�

дЩpΑÙʋͬƏ͖Ūˋ，w��享НɲǸѯ�ͬ�ͶŪˀ÷ˉȟϰş仍жĐϰ

˰·ȟm乐享НͶƵź¶͞ RTL �дЩ͢ѩmǭ]¶͞ FPGA ҂Е仍жmҁ˕ȹϰ

¿жˋ，ʜΆ�Ņ�Ƶ͓ͬm҂p˲ͬȹŅ�҂ЕϿ͂ͬдЩg͠} FPGA Ͽ͂uͬ个

̭ʯ些mʎ̎p˫ȟ仍ж产ȱȱͫuğdy͞Ə͖Ūͬ CoDA ˋ，mȶ�ʷǆϼ¶͞ʭ

ƕbſ FPGA pѠˀ仍ж产ȱx 20 ƕdy͞ģƏ͖ŪͬΫĥ CoDA ˋ， GreenDroidg

ʩƕͬy͞ģƏ͖ŪŅ�Ҕ之˷˫产ȱwŏͬy͞ģƏ͖Ūˀ÷ɂ҂Е仍жg 

upǆϼ�ωͬ Basejump Ņ�ǨĔˋ，ǤȘҕͬǸΟĳƃ仍жηϑmʷǆϼǌǅ

GreenDroid ³hдЩ产ȱą Basejump eˀɲǸ仍ж͒ƊgӷÓǔΉĳƃηϑƵ͓eͬ

φϼm·ƣ RTL �fǜã¶͞ȨîfĳƃͬɲǸ˲从ΧΧooőǅǔΉͱĉɲǸƢ

ͬĳƃηϑoʭő丁҉ʆd仍жͬ之ΗmĘɖ˩ſ̙мfƱʆͬǲ͞Ηǰ̙м�ĸŮȁ

̙мʌ̎Χg 

	 � � �hs¹¾}k�

GreenDroid ͬĳƃ仍жηϑѲhƑʺmȶ�ʯȓНΫĥ�ωpvxǫņηϑɲǸ之

ΗʯßͬÀȢmĘɖ RTL �ðƐfǹļǜãͬ¶͞Ȩîşâ�ɲǸĳƃηϑʔЦí

ͬ二ӱg 

ŌΑ̭�ͬӝȜϑЩПИ 5-2 ş 5-3gҔǩȨîvmИ˘eϑЩͬʜ�ͬЕʅm

âeΆ�˩ſͬ�ϑЩͬǌʜ Verilog ş SystemVerilog ͬЕʅgȠͬˀ且mGreenDroid

ĳƃηϑ͠ 40181 Е RTL ̭�υȱmҁ��ewĘɖ C-core �kC-core ͬ�

w享НȸǜϚëmͲɩ͠ǜã͝ȱl�ĸ业ͬ͞ IP ：�kǜãϵē͝ȱlgϚë RTL

�ʔmʷʇǡϊǀŅ�ĵʅęͬ�҂ЕxѲhȆǳͬĵʅęmǭ]ǀƑʺͬҔÀɩ



МĚǜ_ƗƬħƍƬ七ʇ 

84 
 

ŀ¶͞xγ«ό，°ͬ�mñǇx�ЕʅtñǇx�h�õҴͬŅϰm҂ϦŅ�

ƗǪǴñǇ业мʔ于g˱ ƔmhxƵ͓ҁdηϑ乐享Н 143Е TCLϳʷş 343ЕMakefileg

âe TCL ϳʷʜ͞}� RTL ą͝ȱ|҂Ć FPGA vѱʇ��ĸvѱȶ享ͬȶʯǜãͬ

ϳʷmMakefile ʜhx¶ȶʯҁ�之ΗŅ�ϵēęƱȱȶ享Нͬϳʷgҁ 2172 Е Python

�Ɨ乱÷͞}业мĐϰmʷʇ͞ ChipScope ǅȬà临ͬÀŊ� FPGA ǂõąʇ�em

¶͞ҁ� Python ϳʷǅҁ�ÀŊͬ 0/1 ʅɢϢ下ȱŅ�͖ЦͬŌΑʅɢǭ҂Е÷ˉg乐

ʯ Python ϳʷǀʔǰɊŚeͬƕʔҭŜʵѩȊ҂Е÷ˉm˱Ɣ乐ʯ Python ϳʷ͞}ǅ

ȶʯ C-core ϵē产ȱą GreenDroid eg2818 Е C/C++�ʜѽЕŹuʹuӠͬŌd

Ǒοͬ介ēΗǰmҁ��ʜʷʇh GreenDroid ʋëͬ�mѽЕʔ͒Ɗ�Ɨ乱÷¶

͞ MIT Raw Ə͖ŪͬѽЕʔ͒Ɗ�ȶ�̊ŹϑЩoçgҁ�ʋϚëͬ IO Master 介ē

Ηǰ¶͞x C++eͬϒɄşƕȜɅʸmŅ�ɻə PCIffŀşϞŀҔÀmҔ之ҁΑʌǻ

ƗƗͬñǇx�Ҫg 

И 5-2�FPGA ĳƃ仍жηϑŌd˩ſ RTL �Ҫ�

˩ſ Еʅ ƪʅ ƪΥʅ ƪʅĨ˸ 
Main processor - Control 8998 28538 321422 22.96% 

FPU 3104 11349 92806 9.13% 
Static Network 3175 9433 108366 7.59% 
Main processor - Datapath 2590 7731 94774 6.22% 
Data Cache 1947 5954 69429 4.79% 
I/O Ports 2039 5701 57262 4.59% 
Dynamic Network 1693 5163 64131 4.15% 
Test Network 703 1998 17463 1.61% 
Integer Divider 457 1101 10700 0.89% 
     
Datapath Module Wrappers 3526 11936 134185 9.61% 
GreenDroid Top Level Glue 234 697 8885 0.56% 
FPGA Top Level Glue 1359 3652 56476 2.94% 
     
Virtual Tile Array 528 1893 24168 1.52% 
FMC adapter 2450 8016 89069 6.45% 
BDIOM 1411 4653 61471 3.75% 
Ring Network 372 1132 12567 0.91% 
MURN 3113 7918 95208 6.37% 
PCI Plug 1000 2882 40802 2.32% 
Memory Plug 1482 4522 63110 3.64% 

Total  40181 124269 1422294 100% 
 

³ϥǏĎͬǅŅ�ĵʅęͬ�Ң҂Еxĵʅęmҁ˕ǌŅ�Ҕ之дϟwŏͬĵʅ

ˀ，ǸŌΑwŏͬдЩm·ƣĘŕwŏ͙͂ʅҪͬдЩfwŏ Cache ҤϟͬдЩfwŏ

С˩ 2D-mesh �乔ϞϏͬдЩΧΧgǀ}͙͂五ûm̫ ʇŹ FPGA u̙м之 1x1f2x1f

2x2 �ĸ 4x2 五ûg五û¶ͬ͞ 2D mesh ϞϏѷϛtŅ�Ҕ之ĵʅҤϟʜŔ乔ɩƔдm

ʜŔ享НɯØЏɓψΣƔдk͞}¿жѷϛ̗ɪ˰ǩlg͒ȄϞϏͬ�ɡϼ̹ʅҪtʜ
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Ņ�Ҕ之ĵʅҤϟͬg˱ ƔƔдeŅ�Ҥϟͬ`МtÊąxĵʅęm˸ ƣ PCI Plug ɻə

ͬҔҚʅҪm͝ȱƑÀŊŜʵoFMC ɩŀƺǴΧΧgγ«ҁ乱÷ĵʅęͬ�Ɨƕ

ʅҢ¶͞ SystemVerilog Ϛëmůhͳǀ} Verilog ƮŅ�ʩƢͬɻəĵʅęgǀ}Ƒʺ

ͬɩŀm¶͞ Verilog Ƴnxp�ʅɢγƃͬό，°mƣŵ 5-12gw¶͞ SystemVerilog

ɮ¸ͬɩŀkinterfacelʜůhƵ͓ʔļ͓ͱĉɩŀ乐wϰȌƢͬКȶʯ FPGA ş ASIC

̗ΗͬǜãÙ乱ɻəg 

И 5-3 ɲǸƱʆĳƃ仍жηϑȶ享ͬŌΑϳʷşѯ��Ҫ�

ʇ�Αγ Еʅ ƪʅ ƪΥʅ 
TCL ϳʷ 143 472 4199 
Makefile ϳʷ 343 927 11202 
Python ϳʷ 2172 6178 62884 
Total 2496 7172 73362 
Linux ç：介ē 712 1703 17622 
Linux ͞ȵΛ于介ē 311 1055 8911 
IO Master 介ē 1795 5868 50505 
Total 2818 8626 77038 

 

͠}Ź�Ϛë之ΗeѲƕͬ¶͞x SystemVerilogmȶ� FPGA ǹļ̗Ηͬϗō

ǜãҦ͞x Synopsys ɮ¸ͬ SynplifygϗōőéǅϞИǂØ Xilinx ɮ¸ͬǹļǜãgʷ

ʇ¶͞ Makefile ϵēͬ÷˲从业͞˷pd享Н¶ͬ͞ǹļǜãmҁ�业ͬ͞ǜãw¬ǀ

Ά�҂Еx� RTL ą FPGA |҂Ćvѱʇ�ͬϗōfǢǐǢσΧΧ˲从mϦ]乐ǀȶ

ʯѯ�҂ЕxϚ下gʯxƱÙϵēęͬǜãұm³ϥǌŅ�ǀҤϟwŏĵʅͬƕdwŏ

ηϑŏʔ҂Еϗōkɮ�ąƕdwŏʱĒŪlm·ƣĘŕwŏʅҪ͙͂ͬ五ûmȳϥĘ

ŕwŏʅҪȳwŏΑγͬ C-coremҁ˕Ņ�ƗƗđȘ仍жͬҕǴg 

 

ŵ 5-12�Ƒʺɩŀͬό，°Ƴn 

̗Ηϵēęf�ͬĵʅę�ĸʭƗ些Ǵͬ�Ƒ͞mƗƗñǇxдЩŌΑ˩ſͬ

ǹļʔ于mñǇxҤϟwŏηϑͬʔ于�ĸ，Ǹηϑş̙мηϑͬʔ于gҁ�¿жxȲ

�ҁ 4~6 dΚ͝υȱͬŰ互Ņ�ǹļҁ˕ͬƗƃηϑ�ĸɄɌőӠ�ω̗ͬ͂ǜ³g

³ϥ͜϶乐ϚëxϳʷͮɪʱĒŪmȂʱĒŪu�ĒѽЕƱȱʔώɮ��Ēͬ͞ȵļҌ

ҟ�mҁ˕͜϶ñǇx享НдЩǤžŹ͢ϲĉͬʔ于g 

	 � � �-D��A�DB ���2-� hs�

ĳƃηϑͬǹļtʜp˲˲ґ̩҂ЕͬmʭǹƤͬʔÄдЩ¶͞pſĘŕ Virtex 5

ͬ XUPV5 ǹļˆ҂ЕĳƃηϑǹļmҁſǹļˆiН仍жxƫÎɪĆŪ�ĸĘŕpd

͙͂şòd C-core ͬ GreenDroidg͠} Virtex 5 个̭wѥmőˀͬǹļǌ义ΖąxĘŕ



МĚǜ_ƗƬħƍƬ七ʇ 

86 
 

Virtex 6 ͬ ML605 ǹļˆmрǹļˆ产ȱpſ Virtex-6 XC6VLX240T FPGA Ͽ͂mãʯ

ξ 240K җ久ĥÑş 14976KB RAM ſgǹļ义Ζą ML605 ǹļˆͬʔÄmǹƤ��¶

͞pſǹļˆǭ]ǅȶʯͬҗ久ҢɿŹpſ FPGA Ͽ͂ugҁdĥǹļˆͬηϑŅ�̙

мuʹfƫÎŪfPCIE �ĸ͞ȵϵǠͬдЩgoő³ϥ¶͞xbſǹļˆǭ͞ FMC

ɦσǅbſǹļˆ乔ɩѠˀmҁ˕ǌŅ�ɲǸѲhƱʆͬĳƃηϑg 

 

ŵ 5-13�GreenDroid ĳƃηϑŵ 

ŵ 5-13 ʜ GreenDroid ĳƃηϑͬ̾͂guʹʜpņ Sun ͬʱĒŪmuӠưЛͬ

ʜ CentOS 5.8 ɹ³ηϑgҔ之 PCIE ɩŀɯØuʹͬ ML605 ǹļˆʜ Basejump eͬ

˶ˆgƵ͆ŵuͬ˶ˆuӠƵ͓xŵ 5-2 e˩ſ˙ŵe˶ˆuͬȶʯ˩ſgFMC ɦσҔ

之FMCͬHPC乔ɩbſǹļˆmͱĉFMCeͬLVDSÀŊǀŅ�ΙƳѽЕŹ 400MHzg

ҁdͱːͬƵ͓Ɔ}³ϥ�φźǀʔҭƄş FPGA IO 个̭҂ЕxѲƢͬξʾgɿŹu

ʹʹίƔӠͬǹļˆʜƨˆmͱĉƨˆҦ͞x˶ˆͳŏͬǹļˆgƨˆuƵ͓xŵ 5-2

e˩ſ˙ŵeƨˆuͬȶʯ˩ſmӏx MURN IO 于ͬ�乔tƵ͓ŹpſϿ͂eϦwʜ

乔ɩbſϿ͂ghxŹΆ�eѲhͶƵͬ˩ɓѨϿ͂ͬͶƵȨîm̫ ʇhwŏͬ MURN

ҔҚдϟxwŏͬǜ³ʔҭ亿͐gƨˆhx¶͞ FMC ɦσ乔ɩ˶ˆ享Нɍӏǹļˆu

FPGA ͬ仅ȷmȶ�hxʄ̻ʌӠͬϤЎ享НŹƨˆvӠđЛƔϟͬ仅ȷg͠}bdǹ

ļˆ享Нģŏǜ³mȶ�hx¿жǜ³͢ıΙƳbſǹļˆͬ¸͢Ù乱͠iʹṷͬ͢

ɮ¸g 

Ű互â�ȱśtдЩxbſ PCB ˆmpſ PCB ˆuĘŕxbſ Xilinx FPGA Ͽ͂m
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âepſvѱĚ˞Ͽ͂mp͂vѱ享Н̗͂ͬ͢ѩgłpſ PCB ˆǌʜĘŕpſ FPGA

Ͽ͂kĚ˞lşpdÙƳĆͬдЩϿ͂gҁbſ PCB ˆuŅ�Ҕ之 FMC ɩŀͲɩɯØ

˶ˆmǅwé享Нɦσgʶˀͬǜ³ǌʜ̙мҁbſ PCB ˆg 

	 � � �¹¾÷Ù�

ĳƃ仍жηϑɲǸȱĐőǌ享НðƐ̙мΗǰgͱĉ̙ͬмΗǰ÷ȱbΑmpΑʜ

hx̙мˌ�͈Ƴ˩ſϦдЩͬ˩ſ̙мΗǰołpΑʜhx̙мʆdηϑǫņϦ�Ɔ

ð̙мΗǰeɋĽͬːð̙мΗǰg 

И 5-4 ˩ſ̙мΗǰϑЩ 

̙м˩ſ ̙мΗǰdʅ ̙м˩ſ ̙мΗǰdʅ 
alu 3 host 12 
static network 1 integer 11 
cache 10 interrupts 7 
control transfer 6 io mux 21 
Dcache miss 5 memory counter 19 
dynamic network 14 pins 1 
event counters 20 instructions 26 
floating point 10 streaming dram 1 
Total 167 

 

И 5-4 ûõx˩ſ̙мΗǰmҁ�̙мΗǰʯ�ʜ¶͞ MIT Rawkγ« MIPSĺ

ϚϚëmâ�p�ʜ͞ C ΗǰϚëgʯp�˩ſ̙мΗǰʜĐϰȟ̙ͬмm·ƣ alu ͬ

̙мoʯp�̙мʜʔǰȟ两ͬm·ƣ Cache ̙мeǀϙƫϝƚŜʵʅ̙ͬмgИ 5-5

eûõͬʜȶʯ¶ͬ͞ːð̙мΗǰgҁ�ΗǰŅ�Ѳhʯʁͬ仍жʆdηϑmĘɖȶ

ʯͬΆ�˩ſfȶʯͬƔдfuʹuͬȶʯѯ�fC-core ΧΧgҁ�̙мΗǰҢʜ�

SPEC 2000fSPEC 2006fJPEG Group 2000 şǙØǻƏ͖Ū̙мΗǰeɋĽͬg 

И 5-5 ːð̙мΗǰûИ�

ΗǰŐΕ ΗǰŐΕ ΗǰŐΕ 
autocorrelation djpeg radix 
bitmnp fbital rgbcmy 
btree fft rgbhpg 
bzip2 Hello world rgbyiq 
cjpeg host viterbi 
conven mcf vpr 

 

Ҕ之�vòdʌӠͬÁɽm¶Ȏ仍ж之ΗŅ�ƱÙϵēęgӷÓmŒ°ηό，e̦

đxpυ̙мϞϏm̙мϞϏͬpΣ产ȱąƏ͖Ū̗ͬ˾σemłpΣŅ�Ҕ之pηû

ͬҔÀɩŀŹuʹͬψΣuȻīõ̙мϞϏͬʅɢgâ˫mŒ͙͂eͬiƏ͖Ūɛ�

产e̦đxòʿŒ̙мϞϏ̑Øʅɢͬɛ�gҁ�ɛ�Ņ�Ś三дЩǤΗǰͬѽЕʜ˰

·ͬ乐ʜҴ专ͬmǭŹΗǰȶʯͬˠˎ̹ҢѽЕ˰·ͬʔÄѶõΗǰȽЕόʾgʭőm

Źȶʯ̙ͬмΗǰeҢ̦đx˔仍ΗǰѽЕʜŔ˰·ͬˠ̙�mǭŅ�ǅˠˎͬόˊ
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Ѷõgϊ之ҁ�ÁɽőmдЩǤŅ�ǅѽЕȶʯ̙мΗǰͬ�Ēp˫ɮ�ʱĒŪmǭд

ϟ˷pd̙мΗǰҢǅѶõȻīąʇ�méϚëϳʷƏ͖ҁ�ѽЕɊŚʇ�ǭ͝ȱȶʯ

̙мΗǰ̙ͬмɊŚgҔ之ҁdɊŚǌŅ�pͱx̽ͬxЦƕǇ̙мΗǰҔ之xmƕǇ

̙мΗǰѽЕƚ丢mŤdѽЕΗǰѽЕƚ丢gҔ之¶͞ҁ�ʌ̎mŅ�Źηϑe̦đp

�Ƴʔ�ĒǭҔ之ҿшʭő̙ͬмɊŚˀϵēͬǀηϑ҂Е̙мg 

 

ŵ 5-14�FPGA 仍жѽЕ cjpeg ѶõʝΉ 

ǀηϑ̙ͬм仍жĘɖ RTL ͬ�ͶfFPGA ͬ仍ж�ĸ ASIC ̗ΗϞИͬ�Ͷgʷ

ʇȶ，书ͬ RTL �Ͷksimulationl͒ƊŅ��Ͷȶʯͬ Basejump ˩ſmĘɖȶʯϵǠ

Ϛëͬ RTL �fŌΑ IP �ĸϿ͂于ͬ�乔 MURN IOg³ϥŹ MURN IO wŏͬÀŊ

ǀo于ɯØӒʹͬǶ҅ˀ˩ɓ PCB ˆu͠}Ǣσȶ书ȱͬwŏǶ҅gҔǩ RTL �Ͷ�

�¶͞˩ſ̙мΗǰşѲhΫĥͬηϑ̙мΗǰmҁʜůhÙηϑ RTL ͬ�ͶҕǴѲ

ȯmpdѲƗͬ SPEC Ηǰ享НѽЕòƘg 

ǀ}Ɨƃηϑ̙мΗǰдЩǤ享Н¶͞ FPGA ĳƃ仍жǫņ҂Е̙мgŹ FPGA u

ǀηϑ҂Е业мѲhƑʺm享Н͎̙õҴϟmǭŒ FPGA uɯØ Chipscope 业м˩ſ

҂Е业мgȶ�ʭƢͬηϑ业мʌ̎ǌʜǏҪź¶Ȏ RTL �Ͷͬ�ş FPGA u̙м

ͬΆ�͢ѩ�ӿǴpϷmǭŹ�ͶeǏҪƕͬЦí二ӱgŵ 5-14 ʜŹ FPGA uѽЕ

cjpeg ΗǰͬѶõmѶõeͬ PASSED ş DONE ǌʜҔ之̙мϞϏȻīõ̞ͬȢm

PASSED ИΉΗǰѽЕ˰·mDONE ИʖΗǰѽЕόʾg͠} FPGA 个̭ͬ些Ćmʎ̎

p˫ȟǅȶʯͬ C-core Ңvѱą FPGA u҂Е̙мmȶ�ǀ C-core ̙ͬмƆʷuʜ÷

˫҂Еͬg·ƣΦp˫̙мŒηϑe̦đx MCF ͬtd C-coremvp˫̦đ bzip2 ȶ
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享ͬ C-coregłpd̙мʜ¶͞ѨϿ͂Ⱦǔͬ 2D-mesh ǅҗ久ú÷ą 2 ſ FPGA umҁ

˕ǌŅ�p˫ȟźŹηϑe产ȱȶʯ享Н̗͂ͬ͢ѩmҁʜ³ϥ仍жǅН 28nm ǜϻ̗

͂ͬ GreenDroid ͬiНʌ̎g 

Ȳ�万©ļ͓ĥſ Virtex 6 FPGA Ͽ͂��Ņ�Ƶ͓ 4 Ҕ͞：ηϑm个̭ͬ些Ći

Нˀϵ} Block RAMgƵ͓ãʯʭǆ Cachek32KB I-cache, 32KB D-cachelͬ 4 ： RAW

Ə͖Ūmǌ¶͞xξ 87%ͬ Block RAMg 

Ź ASIC ̗Ηeͬ�ͶtʜÙηϑͬ�ͶmŃw之Ͽ͂乱÷¶͞ϗōőͬϞИʬɡm

â�乱÷乐ʜ¶͞ RTL �gʷʇtϚëxƗҪͬ Makefile ˀɻə̙мϵēęm¶Ȏ

Ņ���业͞wŏͬ make ͱːǌŅ�业͞wŏγƃ̙ͬмm·ƣ make snakeboot 业͞

RTL �ͶϦ make greendroid ǌ业͞ FPGA ͬ仍жmʜ҂Е RTL ͬ�Ͷ乐ʜ争οϞИͬ

�ͶtʜҔ之 Makefile ҂ЕҤϟͬg 

ůh̙м之ΗŅ�ƱÙϵēę҂Еmȶ�³ϥtͳǲͬдЩxŮȁ̙мͬϵēę̗

Ηg˷ƘʟuɛƳͬʱĒŪ¤ϵēͬ��Ǳe Checkout õp�ʭʋͬ�ǭ҂ЕϚ

下mϗōΧΧgoőǹƤ҂Еϵēę̙мmǅ RTL ͬ˩ſ̙м�Ēɮ�ώʱĒŪmǭ

ʭψ͝ȱ̙мɊŚoǀ} FPGAmŹuӠӧǰѽЕηϑ̙мΗǰǭ͝ȱɊŚgoő¶͞

ϳʷǅ̙мɊŚļҌąҟίgҁ˕¶ȎŰ互ȶʯȱśŅ�ĸʔļ͓ʋɮ��eͬ二ӱm

ǭȘҕ҂ЕÁɽmҁ˕ƗƗɮӿxǹļͬʁ͐g 

	 � �B�� Ë�×Ô�

΄Ƶ͓ʜˠ仍ό，дЩͬŧpːðg̫ ʇȶ҉дЩtŹ҂ЕbſϿ̗͂ͬ͂ǜ³m

âepſϿ͂ʜҦ͞ Global Foundry 28nm ǜϻ̗͂ͬ GreenDoridmƮĘɖ 4 d͙͂ǭ

产ȱ 20 ƕd C-coreołpſϿ͂ǅҔ之 MOSIS ¶͞ņΔ k͢TSMCl250nm ǜϻ̗͂m

ҁſϿ͂ʜpſ̙мϿ͂��Ęŕ 1 d͙͂obſϿ͂eͬâ�ƔŲ͢ѩҢʜͳŏͬm

Ęɖ͒ȄϞϏfMURN I/O ΧΧg͠}е二ʻ些ͬϛʀmʷǆϼ¶͞ņΔ͢ 250nm ǜϻ

ɨιƵ͓Ęŕ 2 d͙͂ͬΫĥͬ CoDAkS-CoDAlmâepd͙͂ĘŕҔ͞ MIT Raw

Ə͖Ūşpd C-corekɻə autocorrelationlmłpd͙͂hΦ|�ωͬ S-coregMIT 

Raw Ə͖Ūȶ¶ͬ͞ 2D-mesh eͬӝȜϞϏǀ̗ʅɢɻəѲƢmȶ� S-core ɚŹąӝ

ȜϞϏugҁdηϑʜ仍жƕΑwŏγƃƏ͖Ūģŏǜ³ͬʭΫηϑgʷǆϼӷÓΫĥ

�ωpvҁdǜϻȶɮ¸ͬ个̭şͱː¶ͬ͞、Лooő÷ˉS-CoDAϿ͂ͬ个̭享̀o

ʭőǅ҂ЕϿ͂дЩǜ³g 

	 � �  Ͽ͂个̭÷ˉ�

ǜϻȶϰɮ¸ͬ个̭mŌΑ个̭ͬǕȟkǶ҅fӠΔşĐϨlȅŢʭψϿ͂ͬд

Щg͞΄Ƶ͓Ͽ͂ͬʔÄmӷÓ享Нˎ͵ҁ�个̭şǕȟʜŔ¤ǀϿ͂ͬˋ，şȐό，

�͝ȅŢgĻ之ˀǀϿ͂ҕǴfӠΔşĐϨͬ享̀t¤ȅŢǀǜϻǱe个̭ͬҎĽm·

ƣŹ GF 28nm ǜϻϿ̗͂ͬ͂之Ηemhx̯ѥӠΔͬξʾʭψ¶͞x 7-track ͬːð



МĚǜ_ƗƬħƍƬ七ʇ 

90 
 

ĥÑϦ̊ʯҦ͞ԉЪͬ 12-track ːðĥÑg 

Ͽ͂ͬ个̭Ɨ°uŅ�͞�乔σfҗ久争şέϳˀИΉgИ 5-6 Ѳhсφͬûõx

S-CoDA Ͽ͂ͬiНĵʅgvӠʷʇ÷Ą��乔σfҗ久争şέϳʌӠ҂Е÷ˉg 

hxƵ͓ S-CoDAmʷʇҎ͞x TSMC 250nm ǜϻʭƕŅ�ɮ¸ͬ 5 ǑҫǕgƵ͓

ѲƗС˩ͬ CoDA ˋ，m享Н¶͞ѲʋͬǜϻmҔǩʋǜϻ¤ɮ¸ʩƕͬ�乔σ个 k̭ҫ

ǕǑʅlm·ƣņΔ͢ 28nm ǜϻŅ�ɮ¸ 11 ǑҫǕ�乔σgҁ�ҫǕσǀϿ͂ͬƵ͓

ǦˀbʌӠͬξʾnӷÓmҫǕσʜʯʌŒͬgʷϼҎĽǜϻe 5 ǑҫǕσmâeƜʅ

ǑҢʜ˾ǫͬkM1mM3 ş M5lϦÌʅǑʜƂͲͬkM2mM4lg͠}ҫǕσòpw

ʜ˾ǫǌʜƂͲͬmҞm�Ͽ͂up̹乔ɩąłƔp̹Ź享НɐǿͬʔÄǌ享Н¶͞w

ŏǑ˫ͬҫǕσmҁǌ享НŹҫǕǑo于¶͞ҔƩkviaslǅ��乔ɩѠˀgҁtʜΦ

tЩά˩ſo于Ѧh�m¶͞ԅš人ѦͬĳůgҫǕǑȶǦˀͬłpʌӠͬξʾ

ʜ͠}ӥǑҫǕpϸѲĲ͢ӆǆmȶ�ҍō÷ҤÙǐÀŊgŹҁdǜϻemːðĥÑ¶

͞xϐƗƕʅͬ M1mȶ�Ѩ串ːðĥÑͬ�乔σǅʎ̎¶͞ M1gǀ}ƫÎŪkSRAM

ȳϥ Register FilelĨ͞� M1 ą M4 ŭǑҫǕkĽí}ƫÎç乱ʜŔ享Н̭͒͢lmȶ

�ɿϟƫÎŪͬϟuӠ��Ńʯ M5 ǑҫǕŅ�ϵ͠¶͞gM5 ş M4 ʜӥǑҫǕm

Ҕǩ͞}̭͢şźmtǌʜ̭͢Ϟ˘kpower gridlg˱Ɣ乐НǅÙǐʔҭşƑÀŊ

ǢϟŹѲhӥǑͬҫǕǑeg 

И 5-6�S-CoDA Ͽ͂Ņ͞个̭ş、Лɮ¸ͬέϳ个̭�

Ͽ͂ĵʅ  
Die Ǎƿ 6 mm x 10 mm 
ҫǕǑʅ 5 
、Лέϳʅ 356 
争个̭  
Ͽ͂ǍƿkDiel 6 mm x 10 mm 
җ久ǍƿkϿ͂ǍƿñĴɿϟ I/O ¶ͬ͞ӠΔl 5.46mm x 9.46mm 
Ņ�¶ͬ͞ːðĥÑЕʅ 1379 
˷ЕŅ�ɿϟͬ nand2 ʅҪ 1778 
Ͽ͂Ņ�ƹρͬʭƗҗ久Χʁ争ʅknand2l    2.5M 
σ个̭  
ȠҫǕǑʅ 5 
Ņ�ϵ͠¶ͬ͞˾ǫҫǕǑkM5, 乱÷ M3, 乱÷ M1l 2+ 
Ņ�ϵ͠¶ͬ͞ƂͲҫǕǑk乱÷ M4, 乱÷ M2l 1+ 
έϳ个̭  
、ЛȶɻəͬȠέϳʅ 356 
Die Ņ�ɿϟͬ Pad ʅҪ ξ 680 
ÀŊ I/O  96 
ç：͢ı 2.5V 
IO Pads ͢ı 3.3V 

 

Ͽ͂ӠΔͬ·Ƴʜ；ɢĉΣϗōͬӠΔɊŚm©άõȶʯҗ久Ɨ˥ͬӠΔg̽őҎ

Ľ¶͐͞kutilizationlͬϊ仍Æ 0.7m©άõϿ͂ͬӠΔgҁd©άͬӠΔ乐Н；ɢő



5  CoDA ĳƃηϑдЩxƵ͓ 

91 

ΣǢǐǢσőͬÀȢ҂ЕÁɽmǭ·ƳʭψōҍͬϿ͂ӠΔgłpʌӠm͠}дЩĘŕ

bd͙͂mɜ͙̾͂ό，ƕ：Ə͖ŪдЩȝѩmíƳϿ͂Ҧ͞予ʌȄͬȄ͊g͠}ӥǑ

ҫǕʜ˾ǫͬmhx͝ȱʩƢ̭ͬ͢ϞϏmȶ�дƳϿ͂ͬȄ͊hƣŵ 5-15 ͬƂͲɿ

ϟ予ʌȄgϿ͂ͬӠΔfȄ͊ş̭͢Ϟ˘͝ȱőmǌŅ�·ƳϿ͂eĘŕƕǇdŅ�ɿ

ϟːðĥÑͬ˾ǫЕmǭ͠˱Ņ�©άʆdϿ͂Ņ�ƹρͬʭƗΧʁ争ʅg 

ǀ}、ЛmS-CoDA ��hxɨιϿ͂Ƶ͓mȶ�ҎĽxxʷƵ仍ƶ 250nm ̗͂ͬ

łpſϿ͂ŏ˕ͬ、ЛgҎĽͬʜpdĘŕ 356 dέϳͬ BGA 、Лmǭ¶̼͞σkwire 

bondlǅ、Лş Die 乔ɩg̫ ʇҦ͞őӠ�ωͬ了ԋ�Ҵͬʌǻˀɦû I/O Padmҁ˕˷

ɿϟpd Pad Ɨ˥享Н 40 ȐβkumlͬΛ于gҔ之¶͞ ICC ͬ˘Ǎ̙ҪϿ͂ͬuvb

º˷pºƗξʯ 4800umk、ЛН̀ Pad ѦХΣ̹НʯpƳͬѦlŅ�ɿϟ I/OmҞ

muvbº˷pºƗξŅ�ɿϟ 120 d I/O PadmuvbºpÞŅ�ɿϟ 240 d I/O Padg

ǝňbº˷pºƗ˥Ņ�ʯ 8800um Ņ�͞}Ǣϟ I/O PadmҞm˷pºƗξŅ�ɿϟ

220 d I/O PadmǝňbºpÞŅ�ɿϟƗξ 440 d I/O PadgȠÞϿ͂ͬŭŜʭƕƗξ

Ņ�ɿϟ 680 d I/O PadgҁdʅҪʜ҃҃ƕ}、Лȶɮ¸ͬέϳͬmҁ享НŹ҂Е、

ЛʔǅĐϰͳŏͬbd͜϶ƕd I/O Pad ͞ҫǕσ bonding ąpd Pin ugҁΑʌǻʜɮ

ӿϿ͂¸͢ϰĎͬǩПʌ̎g 

	 � � �4�B�� à�ô�B��

И 5-7�S-CoDA ːðĥÑ¶͞ϑЩ�

Cell Ő ʅҪ Cell Ő ʅҪ Cell Ő ʅҪ Cell Ő ʅҪ 
ADDF ��	- CLKBUF  
() MXI2   
,)- OAI221   �( 
ADDH 
	. CLKINV  .(- NAND2   (
.)( OAI222  �/. 
AND2 
/)) DFF  ,/)	 NAND2B  

�. OAI2BB1  


-( 
AND3 
-� DFFNS  
, NAND3   (,, OAI2BB2  ,,)( 
AND4 )-�- DFFR  ,- NAND3B   
,.) OAI31  
-( 
AOI21 (-.	 DFFRHQ   (//( NAND4   )	
 OAI32   , 
AOI211 �. DFFS  
/() NAND4B  ( OAI33   - 
AOI22 �)	. DFFSHQ  �,) NOR2  .).. OR2   
,() 
AOI221 	) DFFTR   
-
 NOR2B  �	( OR3   

	 
AOI222 
	(-, EDFF   .)
) NOR3   
.( OR4  //- 
AOI2BB1 (,/
 EDFFTR  // NOR3B  
	/ TLAT   )		. 
AOI2BB2 .� INV   ((
� NOR4  
)/	 TLATN   ,( 
AOI31  (( JKFF   
 NOR4B  , TLATR  , 
AOI32  

- JKFFS  (	 OAI21   /�	/ XNOR2   )
- 
AOI33 / MX2  ,. OAI211   ).� XOR2  -
/ 
BUF (�) MX4  ( OAI22   ,	
 Total  )-
(	 

 

Ź҂ЕxǢǐǢσ�ĸ͝ȱxʔҭ˓oőm̫ ʇǀϞИe¶ͬ͞ːðĥÑ҂Еxϑ

ЩgИ 5-7 ʜ S-CoDA e¶ͬ͞ːðĥÑͬϑЩgϑЩͬ之Η̊ʯǀwŏ介ēϰĎͬː

ðĥÑ҂Еĝ÷gϑЩόˊИʖдЩpÞ¶͞x 37 sƕdːðĥÑgИ 5-8 ǀ亮җ久

ѽάĐϰͬːðĥÑ҂ЕxʅҪϑЩgâeͬ͞ʭƕͬʜЧļŪmҁ�ЧļŪʯͬ͞}
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，ȱ MURN I/O ҔҚç乱ͬ FIFOkƙǆmwҍō¶͞ SRAMlmʯͬ͞}ŌΑɪĆͬ

͊Ȝʹͬ͊ȜşŌΑƼƫŪgBuffers eͬƗ乱÷Ң͞}ʔҭ˓ͬ͝ȱm͞ }ǫЖʔҭ˓

Ōd÷ɻͬͳgϿ͂eɔʯѲƕͬđ̎Ūmҁ�đ̎ŪĨ͞x 1.86%ͬːðĥÑʅҪg

ҁ�đ̎ŪƗ乱÷ˀϵ} S-core eƽ产ͬѽά五ûgx¦ϑͬдЩР̹wŏm̫ ʇŹд

Щehxҋ̀Ѳ®ͬĐϨϦʀȫͬ¶͞xҳƫŪklatchlmҁ�ҳƫŪ͞}͒ȄϞϏş

MURN ͢ѩeÒȂ̗˾σeͬƫÎŪ�gƕҎŪkmuxesleͬƗ乱÷͞}ŌΑ͂uϞ

Ϗk2D meshm Ring Networklg 

И 5-8�亮җ久ĐϰːðĥÑͬ¶͞ȨîϑЩ�

争γƃ ʅҪ ͫ÷˸ 
flip-flops kD, JKl 67245 18.10% 
buffers 63103 16.99% 
adder kADDFmADDHl 6915 1.86% 
latch 3134 0.84% 
inverters 2215 0.60% 
muxes 1707 0.46% 

 

    И 5-9 ûõxiН˩ſȶĨͬ͞Ͽ͂ӠΔmĨͬͫ͞÷˸�ĸΧʁͬҗ久争ʅgΧ

ʁ争ʅͬЩάҦ͞ӠΔӏ� NAND2 ͬӠΔͬʌ̎Щάgʆd S-CoDA Ͽ͂ͬΧʁҗ久

争ʅξh 230 s争gâeΦtȶ�ωͬ S-Core Ĩɢxpġ�uͬӠΔmâ˫ʜΦ|

ȶ�ωͬ GreenDroid ͬĥ：g͠ } BDIOM eʯѲƗͬ͞}̗ɪͬ互ûmȶ�ӠΔt

ѲƗgČ²ͬâ�ѲƗ乱÷hŌΑ�乔ϞϏg 

И 5-9�S-CoDA iН˩ſ͢ѩӠΔ�ĸΧʁ争ʅ 

˩ſŐ ӠΔkum2l Χʁ争ʅ ͫ÷˸ 
BY].V )/�,	),.�
/ ((./)- 
		� 
A�MY[O ().(	(,�(- 

	//- ,
�,� 
6[OOX3[YSN� ASXQVO�2Y[O� .,)(/-.�)	) //�/ (
�.� 
LNSYW )
-)/�,�)
. 
.),-. .� 
(3�WO?R 

/,	�/
 .)- )�-� 
�C#��8 � -��)�-
 (-�
� 
�(� 
#SXQ��O]CY[U ((().-�.() 
(.-	 	�,� 
 ]RO[ 
()
,	��
 -
(-) )�
� 

 

S-CoDA ȶ享Нͬ I/O Pad Ęɖ�vt乱÷nÀŊ I/O PadfϿ͂ç：¸͢ I/O Pad

�ĸ I/O ¸̭͢͢ I/O PadgÀŊ I/O Pad ƗϷĘɖ�vòdnǟ÷ͬʔҭѶØÀŊk2

dlfƑÀŊk1lfMURN I/Ok22x4m88lş JTAG(5 d)mÞЩ 96 dÀŊgǀ}

Ͽ͂ç：¸͢ I/O Pad ȶ享ͬʅҪŅ�҂Е©άgӷÓ；ɢĐϨ万©ɊŚmS-CoDA ͬ

ĐϨξh 10WmҞmŹ 2.5V ͬ¸͢͢ıv享Н̗ͬ͢϶Ǉh 4Ag；ɢǜϻǱͬ且ʖm

ҁdǜϻpdέϳŅ�ɮ¸̗ͬ͢ʜ 25mAmҞmǌŅ�Щάõ享Н϶Ǉ享Н 160 dέ

ϳ¸͢mđuźσpÞƗ˥享Н 320 d PadgI/O ¸̭ͬ͢͢ Pad Ɨ˥hÀŊέϳͬÚ
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÷opmҞmtǌʜ且Ɨ˥享Н 13 dέϳh I/O ɮ¸̭͢mđuźσpÞƗ˥ʜ 26 d

ǝňg͈˴ͬ Pad ʯϿ͂ŭdХ享НɿϟͬɐХ Padkcornerlgǅ�uͬ©άͳđm

Ɨ°Ņ�©άõ S-CoDA 享НͬέϳʅҪh 254 dm҃ ҃ǆ} S-CoDA ͬϿ͂Ņ�ɮ¸

ͬέϳʅҪg 

	 � � �Ë�`¡�

 

ŵ 5-15�Ͽ͂ͬΆ： IP Ǣǐ�

Ͽ͂ͬĉΣ¶͞x Synopsys Ûŋͬ DCmǅ RTL �丽ęh争οϞИk.v ʇ�͞
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}�Ͷm.ddc ʇ�͞}őΣдЩlgʷʇҬǀ争οϞИw¬¶͞ VCS ҂Еx�Ͷmŏ

ʔt¶͞ Formality ҂ЕxȄǻę仍жg�Ͷͬ之Ηşĉpϼɮąͬ之Ηγ«mϦȄǻ

ę仍жw¬Н仍ж RTL ş Verilog ˘ǻͬ争οϞИʜŔpϷm乐Н仍ж Verilog ˘ǻͬ

争οϞИʜŔş DDC ˘ǻͬ争οϞИpϷg 

 

ŵ 5-16 Ͽ͂ͬΆ：şːðĥÑǢǐ�
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ȂҔ之仍жőmǌŅ�ǹƤðƐőΣͬǜ³gʷʇ¶͞ ARM ɮ¸ͬƫÎŪ IPmǭ

¶͞ Artisan ͝ȱȶʯ享НͬƫÎŪmҁ� IP ĘɖnSRAM şƼƫŪʇ�kRegister Filelg

oő¶͞ Milkway ǅŌΑǜϻǱ丽ęh ICCkIC Compilerl享НͬǱgʷʇ¶͞ ICC ǀ

Ͽ͂҂ЕxǢǐmǀȶʯ¶ͬ͞Ά：ǢǐПŵ 5-15g 

 

ŵ 5-17 Ͽ͂ǢǐőŭǑkǝlş�ǑkňlҫǕ 

Ɨ°uʆd͢ѩĘŕ 2 d͙͂muġ乱÷ʜ S-coremvġ乱÷ʜpd GreenDroid ͙

͂ghx¶ 2 d͙͂ͬӠΔγ«mʷʇǅ S-core e̗ͬƼƫŪʇ�ƹҪñġguġ乱÷

ͬ 32 d 32bit x 128 ͬ SRAM υȱx S-core ̗ͬƼƫŪʇ�mКҁ� SRAM ĘŲŹe

于ͬ 12 dǆ SRAM ʜÊ̜̹ӏ̎ʔÄm©ЩÃʅÆȶ享НͬˎɃИkсφά̎ПΦ|

lgňº 8 d 128 x 66 ͬƼƫŪʇ�ʜ BDIOM e³h̗ɪͬ FIFOgҁ� SRAM Ŝ

ŲǅǢǐ͒ȄϞϏş 2D mesh ϞϏgvġ乱÷ͬ SRAM ʜ GreenDroid eͬiƏ͖Ūe

ͬƫÎgŵ 5-16 Ź 5-15 ͬƆuĶʝΉx M1mҁ� M1 ИȉxːðĥÑͬǢǐgŵ

5-17 ʝΉx M4 ş M5 ͬҫǕmŅ�͵ąҁbǑҫǕeͬƗ乱÷ҢК͞³̭͢Ϟ˘g 

ǀ} I/O ͬдЩӷÓ享Нʖ·ͬ二ӱʜnдЩʜ I/O ξʾͬ乐ʜҗ久ξʾͬgI/O ξ

ʾͬдЩpϸʜҗ久ѲhΫĥ¬ʜǀ I/O ͬ享̀ѲƕmҔǩҁΑϿ͂дЩͬӠΔǌĽí

} I/O ͬʅҪmϿ͂ӠΔʜhx¿жŅ�Ǣϟvȶʯͬ I/Ogҗ久ξʾͬдЩҔǩʜҗ

久͢ѩѲhƑʺ¬ǀ I/O 享̀ѲǇmҁ˕Ͽ͂ͬӠΔiН͠җ久íƳgБ̽ S-CoDA ͬ
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Ͽ͂ӠΔǕ}җ久ξʾͬm¬ʜhxɨιϿ͂Ƶ͓mʷʇ乐ʜȻάҎĽΘȐƑʺͬ I/O

дЩʌ̎g 

ǀ} I/O pad ͬдЩmдЩСýСƳx bond o于ͬѦgǀ}ĥŷͬ I/O Pad дЩ

ҔǩʯbΑʌ̎mПŵ 5-18gâepΑʜǫЕɦûͬ I/O(inline bonding)mҁΑɦûʌǻ

ҍōĉӠ且ͬҗ久ξʾͬϿ͂gҦ͞ҁΑʌǻhxқƯдЩСýmҞmȓӨŹ Pad o于

¿ͥpƳͬΛ于mҁ˕ȹϰ¶Ȏ Bond o于ʯѥƖͬΛ于głpΑʌǻǌʜ了ԋ�Ҵɦ

ûͬ(stagger bonding)mҦ͞ҁΑʌǻҔ之ҎĽ予ͽ bond ǭ�ҴɦûͬʌǻmǌŅ�̯

ѥдЩ享̀ǭw享Н Pad o于ͥʯѲƗΛӓgS-CoDA ͬ I/O дЩǌҦ͞xҁΑʌǻg

ǀ} I/O ξʾͬдЩƣˊҁΑʌǻ乐ʎ̯̎ѥm乐Ņ�Ҧ͞ĺŷͬ I/O дЩgȂҦ͞ҁ

ΑдЩͬʔÄmDie uǢvͬ I/O Pads ȈȈŅ�ƕ}、Лȶɮ¸ͬ Pin ͬʅҪmҁdʔ

ÄǌŅ�Ҧ͞ǅ 2 dȳϥʩƕͬͳŏ³ͬ͞ Pads 乔ɩąŏpd Pin ug 

S-CoDA Ҧ͞x了ԋ�Ҵɦûͬ I/O Ǣǐʌǻmҁ˕Ņ�Ǣvʩƕͬ I/O Padmҁ�

ƕ²ͬΛ于К͞}Ǣϟʩƕ̭ͬ͢şźm�zĽŅ�͝ȱʩΙƳ̭ͬ͒͢ş̭͢Ϟ˘g

ʭψͬ Pad ʅҪ÷ҤȨîʜÀŊ¶͞x 96 d PadmɐХ¶͞x 4 d Padmhç：¸ͬ͢

I/O Pad ¶͞x 350 dmh I/O ¸ͬ͢ Pad ¶͞x 150 dgŵ 5-19 ǌʜʭő³ϥȶЉȎ

ͬϿ͂ӝȜ͢ı亚÷Ǣŵgŵ͂ͬňºeͬʅɢИʖx˷pΑӲϺȶǀǲͬ͢ı亚®x

ƕǇgâeʭǟͬνϺt��Ńʯ 9.28mV ͬı亚gŹʔҭʌӠmʷʇÈƳͬͱːʔҭ

h 100MHzmӏĴƕʔҭŜʵѩȊşǺ˲͢ѩѩȊmâ�ȶʯѩȊҢ̯ѥξʾʿ�g 

 

ŵ 5-18�ǫЕɦû I/O ş了ԋ�Ҵɦû I/O�

General pad Long bond Short bond

Inline bonding Stagger bonding
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ŵ 5-19�ӝȜ͢ı亚kIR Dropl 

	 � �c¼�

͠}ƗҪϿ͂дЩŰ互ӠgдЩĳƃηϑʔ享НƗҪʔ于şζĎˀ产ȱƔŲдƐ

͓ͬƵ二ӱmʷʇǹļxǨĔдЩŰ互ȘҕǸΟĳƃͬ Basejump ηϑgҔ之ǅѲhΫ

ĥͬ CoDA дЩ GreenDroid x Basejump ͳ乔m，Ǹx CoDA ͬ FPGA ĳƃ仍жǫņg

hxp˫ȟ仍жǅН̗͂ͬΫĥ CoDA ˋ，Ͽ͂ GreenDroid ͬȶʯҗ久mʷʇ¶͞Ņ

ѨϿ͂Ⱦǔͬ 2D-mesh ǅҗ久ú÷ą 2 ſ FPGA Ͽ͂umǭ�˱ɲǸxѲhƱʆͬĳƃ

ǫņgҔ之рǫņʷʇ仍жxʆdηϑͬ˰·ȟmĘɖ͢ѩдЩͬ˰·ȟfŌΑѯ�ͬ

˰·ȟ�ĸʭҩНͬʜ七жxҁΑʋƃͬˋ，ʜŅ�˰·ǜ³ͬgoőm》мȟͬ¶͞

TSMC 250nm ǜϻǀΫĥ CoDA ҂Еx ASIC Ͽ͂дЩg 

ʷӏxǀǜΗƵ͓ʌӠͬ�ωm乐云҉xp�ǜΗƵ͓e¶ͬ͞дЩʌ̎Ƭgҁ

�ʌ̎ƬĘɖn˩ſͬƗҪƑ͞fдЩͬĵʅę�ĸ严ΜǜΗƵ͓Ƥψͬϵēęg˩ſ

ͬƑ͞şдЩĵʅęͬƗҪ¶͞mӷÓƗƗñǇxƵ͓ʆdηϑͬϚǜ³Ҫmâ˫Ȃ

дЩ享НÁɽʔtѲhʌ¼mʭőŅ�Ϋę͢ѩͬ业мǜ³gϵēęĘɖϚ下ϗōѯΆ

��ϵēęf̙мͬϵēęf产ȱͬϵēęΧƕdʌӠgϵēę̗ͬΗŅ�ʭƗ些Ǵ

̵ͬļǜΗǤͬǜ³ϰĎm͜϶Ņ�¶ǜΗǤŏʔ҂ЕƕӦǜ³ołpʌӠϵēę̗ͬ

ΗtŅ�¶ȎŰ互ʋ҂ȱśȘҕГØӦͱͬǹļmǭ¶Ȏǜã¶ͬ͞ͼиȘҕŹŰ互ȱ

śo于¦ɷÞ�guӠҁ�дЩʌ̎ƬͬȱĐѽ͞ʜǆŰ互ǹļƗӦͱͬßҵɅʸƆg 

Ҕ之 FPGA ĳƃηϑ�ĸŰ互â�ȱś 28nm Ͽ͂дЩǜ³mȲ�Ņ�·Ƴʷʇȶ

ɮõͬ CoDA ˋ，ʜŅ�ǜΗƵ͓ͬmǭ]Ņ�ɜ̾дЩ˰·ǜ³g˱ ƔmΫĥͬ CoDA

ˋ，Ͽ͂Ņ�͠òdΚ͝Ʊȱǹļm且ʖҁΑˋ，ͬдЩƑʺǴwʜ͈ĄӿѲhƹʗ
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ɫǯg 

ʷȶ�ωͬ Basejump FPGA дЩƵ͓乱÷͠ʷʇ³ϥ͌ΟƱȱmBasejump e

FMCfPCB �ĸϿ͂、ЛдЩ͠Ű互â�ȱśƱȱgĳƃηϑдЩ͠ʷʇ³ϥ͌ΟƱȱg

ʷʇ³ϥ乐ĵxxͶƵ̗͂ӦͱͬĉΣдЩş仍жmǭ͌ΟƱȱʷ�ωͬ S-CoDA ͬ

őΣдЩg 
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6 �¼�Û�

 
ҫǕ˽ę͆ġǂ°Żʁǲέ (Metal-Oxide-Semiconductor Field-Effect Transistor, 

MOSFET)ͬ�Ӏ¦ǂ̱̗ʜҁΑŪ�ͬʷ两͈ȉmʎ̎ɽĿgӒǜϻǍƿɼϜmӝȜ

ĐϨґ̩ȱhiНϰҪ̞Ϩˀ̭gҁ˕ŹĐϨƋ些ĆvmϿ͂дЩҙąx¶͞Ƌ二ӱş

ʧ΄͓юmǭ͠˱Ͽ͂дЩ҂Øxʧ΄ʔ�głpʌӠmͱĉ̗Еͬŏ，ƕ：ˋ，ͬȾ

ǔʌǻtǅʎ̎ϒϕɮĠηϑͬȟϰşϰҪʁ͐mҁΑ͓юŹ乎ʵͬΖēдƐuИ͓ʖ

ʝgŌdĮŨǀдƐͬ˸ɗǡϊ�ǲ͞Ə͖Ū(AP)ͬȟϰfĐϨ丽ΖąƔРдЩşiˆ

ǜϻΧΧƔǶɅʸgҁΑΑ͓ю且ʖ°ηό，дЩ享НΝȟͬÿʋg 

    ʷʇЪhʶˀͬ°ηό，дЩǀηϑϰҪʁ͐ͬß̑ǅѡ之ǀȟϰͬß̑gy͞ģ

Ə͖ŪǅʜpdȌƢͬҎɕgŹʋ乎ǜ_ͤȶõ͓ͬ�ŠeǡϊǹƤ产ȱ串ˀ串ƕͬ¦

ϑy͞ģƏ͖Ūmҁ且ʖŒηϑe产ȱy͞ģƏ͖ŪʜpdŅЕʌ˚ghxОͯΗǰʩ

ƕͬȽЕ乱÷�ĸñǇy͞ģƏ͖ŪǹļȱʷmŰ互ǹļxϵē͝ȱy͞ģƏ͖Ūͬ

C-core Ʌʸghx¶Ȏy͞ģƏ͖ŪОͯʩƕΗǰͬѽЕ乱÷mдЩǤwʉŒˋ，e产

ȱ串ˀ串ƕͬy͞ģƏ͖Ūgʭψmηϑˋ，Ŀȱx CoDA ˋ，mрˋ，ey͞ģƏ͖

ŪͬʅҪ҃҃ѡ之Ҕ͞Ə͖Ūgʷʇǀ CoDA ˋ，҂ЕxѲhʓʵͬΚǜ³g 


 � ���e9r¼�

³hѲʓͬ CoDA ˋ，Ǹ˩fдЩΛ于ɨιfϰʁ二ӱΚşѲʓͬ CoDA ĳƃд

ЩşƵ͓mʷʇκκŲύ七ж CoDA ˋ，дЩō͖ȟfŅȾǔȟfϰҪʁ͐fļ͓Цí

ʶˀ CoDA дЩƵ͓ȶҙą̳ͬŹ二ӱm҂Еx�vòdʌӠͬΚşǜΗǜ³n 

k1lΚx CoDA ǀǲͬ͞ҍ͞ȟmǭ�˱且ʖ CoDA ҍōʧ΄ʔ�gʷʇ÷ˉ

xưĤΖēѯ�ˑmļ͓Ɨ乱÷ǲ͞ʜƆ}Þ�ĳ͝ǱşЏɓʹͬmΆ�ęҁ乱÷ѯ�

ǌŅ�¶Ȏǲͬ͞Ɨ乱÷ѽЕŹy͞ģƏ͖Ūugoőҩ̹÷ˉxưĤ̚УŪmǭ¶͞

΄，书y͞ģƏ͖ŪƵ͓xҁd̚УŪgƵ仍όˊИʖŹ 22nm ǜϻv 7mm2 ͬ΄ӠΔ

͞}，书y͞Ə͖ŪǌŅ�Оͯ̚УŪ 90%ͬѽЕg¶͞Ņɩľͬ΄ӠΔǌŅ�Оͯǲ

͞ȽЕmжʖx CoDA ˋ，ҍōʧ΄ʔ�g 

k2lҬǀȘҕɨι CoDA дЩΛ于ͬ享̀mɮõx CoDA ˋ，÷ˉ˩ƃmǭǀʷ

ʇɮõͬƕϖǴŅȾǔ CoDA ˋ，҂ЕǸ˩gрˋ，Ņ�͠wŏʅҪ͙ͬ͂υȱm˷ p

d͙͂Ņ�ĘŕwŏʅҪͬöʅδǴy͞ģƏ͖Ūmǭ]˷pdy͞ģƏ͖ŪҢŅ�ʜ

Ǻ，ͬg÷ˉ˩ƃ͞ˀ万©˷pΑ͈Ƴ CoDA ˋ，ͬϰҪfӠΔşȟϰo˩ƃĵʅʏĘ

ŕxӿǑ˫ͬ°ηό，ĵʅmtĘŕ®Ǒ˫ͬ͢ѩƵ͓ĵʅg 

k3lɨιx CoDA ˋ，Źwŏ Cache Ҥϟf͙͂ƗǆfεδǴϰϨέ͖Ωͦ�ĸ

ʣ°έƵ͓ΧĵʅvͬϰҪʁ͐二ӱgŹʭ£ęͬĵʅʿ�vmxҔ͞ˋ，ͳ˸ǆС˩

CoDA дЩŅ�Ǧˀ 5.3 ÂͬϰҪʁ͐£ęş 5 ÂͬϰҪǶʔΔkenergy-delay product, 
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EDPl£ęoϦǀ}ɻəuͫdǲͬ͞ƗС˩ CoDA дЩmŅ�Ǧˀ 3.7 ÂͬϰҪʁ͐

£ęş 3.5 Âͬ EDP £ęgҁ且ʖhƗС˩ǲ͞ϦдЩͬƗС˩ CoDA Ⱦǔʜʯʁͬg

˱Ɣm̫ ʇļ͓ CoDA дЩĬ¶Ҧ͞x̵҂ͬϰϨέ͖Ωͦm̱ ͢ĐϨȶĨȠĐϨͬ˸

·�̽Ӓ CoDA С˩ƌƗϦƌƗg 

k4lɨιxǭļȽЕǀ CoDA ϰҪʁ͐ͬȅŢgΔˇͬȅŢʜҁ�ŏʔѽЕͬΗ

ǰȳσΗŅ�÷ɳ̱͢ĐϨΧųƳͬǹҲmҁ˕Ņ�ɮӿηϑͬϰҪʁ͐g̞ˇͬȅŢ

ʜmȂ介ē CoDA ͝ȱͬͱːǲ͞产şƵӇѽЕͬǲ͞产ōwĜҤʔm¤书ȱƗҪΗǰ

Ρzˌ�y͞ģƏ͖ŪmηϑͬǫŽϰҪʁ͐ǅƗƗ亚®g̫ ʇɮõ CoDA ˋ，产ȱО

ͯƕdöʅĐϰͬГō QsCore ˀñǇΡzìΝgƵ仍Иʖ¶͞Гō QsCore ͬʌǻm�

�ƌđ 41%ͬӠΔǌŅ�ɮ¸ 2 ÂʅҪͬy͞ģƏ͖Ūmǭ¶Ȏ亮Žė÷ǢяѱͬϰҪ

ʁ͐ɮӿ 11.1%~22.1%g 
k5lҬǀ¶͞ȂĉǜϻƵ͓ͬ FPGA ˩ɓvp�ǜϻƵ͓ͬ CoDA Ͽ͂ʔmĥd

FPGA Ͽ͂个̭wѥͬ二ӱmɮõxѨƕϿ͂ŅȾǔͬ 2D-mesh ͂uϞϏgрϞϏ͠Ѩ

Ͽ͂ͬ͒ȄϞϏ乔ɩmǭhѨϿ͂ͬ˷pd 2D-mesh ͖͆ҔҚ÷Ąɮ¸ѨϿ̗͂ͬɪʹ

ĆgѨϿ͂ͬ͒ȄϞϏɮ¸x ASIC Ͽ͂ą FPGA �ĸ FPGA o于bΑŅҎ乔ɩʌ˚g

Ҕ之¶͞рдЩʌ˚mʷʇ¶͞bſ Virtex 6 FPGA Ͽ͂ӷ˫Ƶ͓x CoDA ˋ，ĳƃη

ϑg 


 � �æI�e9d��

CoDA Ʌʸ³hŅ�ʯʁ£ęηϑϰҪʁ͐ǭҍǲʧ΄ʔ�ͬˋ，mʯ̳Ďȱhʶ

ˀ°ηό，ΚşǜΗͬҩ̹gʷʇőϕͬǜ³tǅϒϕҬǀ CoDA ˋ，дЩǔǹn 

k1lϒϕ£ę C-core ͬό，дЩm͈Ąʜp�ʏϰ亚®ϰϨĶϰɮӿȟϰͬʌ̎

ǅϒϕ̦đą C-core ό，egҁ享Нϒϕǀ C-core ϵē͝ȱǜãұ҂Е£ęg·ƣm

Źˌ�ȨîvͬŪ�Ƒ͞fǀ亮ßҵѩȊҦ͞个̭Ĩ͞ǇҕǴȯͬѽάŪ�f》мˌ�

Ǻ˲͢ѩΧΧ(͢ѩο)g 

k2lǀ҂p˲亚® CoDA ˋ，ϰϨͬ°ηό，£ę҂ЕΚgŅ�Řɼp�¦ϑ

Ə͖ŪeʏŅ�ɮӿȟϰĶŅ�亚®ĐϨͬɅʸm·ƣŏʔƕσΗg˱Ɣm͠} CoDA

e Cache ͬӝȜĐϨѲӿm享Н҂p˲ɨЫŅҤϟͬ Cache Ź CoDA e¶ͬ͞ŅЕȟg

zĽɃąpΑҍǲʧ΄ʔ�ͬƫÎηϑgǀ}�乔ϞϏmͱĉ˩ƃeēȜĐϨĨɢiǂm

享НΚ亚®�乔ϞϏēȜĐϨͬɅʸʌ˚m·ƣϚɅʸgƗҪ C-core ǦˀͬӝȜĐ

ϨtѲӿmҦ͞ C-core ГōȳϥǼØεδǴŅҩ，җ久Ņϰ¤ñǇ C-core ͬʅҪmͳ

ǲͬ亚®ȶʯ C-core ʆ°ӝȜĐϨg 

k3lͱĉ CoDA ˋ，÷ˉ万©˩ƃ͠ǅ乎 1 sЕ Python �，ȱǭ]ʄЋŹòd

ʇ�emζφǴşʗÁɽȟҢwѥghx½҂ CoDA ˋ，ͬΚmǲрǀр˩ƃ҂Еʩ

Ƣͬ˩ſęǭҦ͞ӠŒǀюϚΗʌ̎ҩʋϚoőǹɿ̭�m¶ȎʩƕŰ互Ņ�Șҕ
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͖Ц˩ƃͬ�mǭ҂ЕʩhφϷͬǸ˩şʩȘҕͬɨιʩƗͬдЩΛ于g 

k4lӒϿ͂u个̭ͬƌƕmŒ CoDA ˋ，e产ȱʩƕͬ͠ưĤηϑ͝ȱͬ C-corem

ǭɨῖ̗ő CoDA ηϑeϰҪʁ͐ͬɮӿȨîgłƔ享НɨιʋͬưĤηϑˋ，g 

k5lϒϕɨι̗Ə͖Ūˋ，m¶ȎҁΑˋ，ãʯʩhǯ̏źҍǲȟǭɮӿҁΑˋ

，ͬŅϚΗȟgɨιʜŔŅ�ǅʩƕ˕ͬά̎ʚ。Ź̗Ə͖ŪumʜŔŅ�Ҕ之ҩ，̗

Ə͖ŪˀΖӏǇҪ C-coremhηϑǦˀʩƢͬϰҪʁ͐g˱Ɣm乐享НǀҁΑҦ͞εδ

ǴŅҩ，五û̗ͬƏ͖Ūˋ，eϰϨͬ÷Ǣ҂Е�φͬ万©g 

k6lß̑şɨιâ�γƃͬy͞ģƏ͖Ūşy͞Ə͖ŪgʶˀͬηϑeǲрƫŹ

Ǻ，ͬƕΑwŏΑγͬƏ͖Ūmǭ]˷ΑƏ͖Ū¤ҍǲηϑeˌ�ǲ͞g 
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