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Information and Computing Technology (ICT)

Data Center and Networks User devices
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e |CT contributes to 3-4% of the total world CFP

* Need for sector-wide regulations




Silicon lifecycle and sources of carbon

« Embodied carbon footprint
(CFP)
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Silicon lifecycle and sources of carbon
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Silicon lifecycle and sources of carbon
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« Embodied carbon footprint

(CFP)

— Raw material CFP
— Design CFP

— Manufacturing and packing CFP

— Deployment CFP
— End of life CFP
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Silicon lifecycle and sources of carbon
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Silicon lifecycle and sources of carbon
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Recent observation

and challenge
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Recent observation and challenge

- Efficiency optimization
 Operational CFP drops 46%

 Rising embodied carbon
« Embodied CFP increases
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Recent observation and challenge

- Efficiency optimization
« Operational CFP drops 46%

 Rising embodied carbon
« Embodied CFP increases 110%
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* Prior work
— Architectural carbon footprint modeling (ACT)

 GreenFPGA
— FPGA as sustainable computing solution
— GreenFPGA framework
— GreenFPGA modeling
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Prior work

Architectural Carbon Model Tool (ACT) [ISCA 2022]

« Carbon-aware exploration framework

 Architectural model estimating embodied carbon

« Based on industry reports
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Prior work

Architectural Carbon Model Tool (ACT) [ISCA 2022]

ECO-CHIP [HPCA 2024] | Design | Use | |EndUse
I ‘“It”‘:!* : n :
* Proposes heterogeneous integration asa | |-==a- Asseribl s ~ o1 ° &
pathway toward sustainability R | ckagine 5 BEE || W

« Estimates design and multiple advanced

Carbon-aware exploration framework
Architectural model estimating embodied carbon

Raw materials sourcing Embodied cost |
|

‘ Raw Processed | | Subcomponent
materials | | materials materials

Based on industry reports
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packaging architecture CFP N e L costs__,

« Framework also evaluates operational CFP
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FPGA as a sustainable computing solution

[ Sustainable Computing ]
¥

Reconfigure for
multiple applications

(o ) ) (s )

{ Flexible (Purpose, Ease-of-use) Flexible (Latency, Power)>
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FPGA as a sustainable computing solution

[ Sustainable Computing ]
. 4 R 2
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GreenFPGA Framework

* Input architectural parameters

- Estimates embodied CFP Inputparams | | GreenFPGA Outputs

* EOL carbon: Government
recycling reports

* #Employees in design —»

End of life house
* #Logic gates

o Deployment CFP oooooooooooooooooooon || ||

* Number of apps Deployment carbon
ASIC FPGA

Application development carbon| | saxPover .+ App development carbon:

:
1
1
* Average power Based on development time E Comparison

- * Area of chip | Embodied carbon S arnElE EE
Manufacturi ng * Tech node  » Design carbon: Design house ! operational
. * Volume of chips ' sustainability reports : carbgn
D@Slgn * Recyclable fraction \ » Manufacturing and packaging CFP in
: * Defect densities (yield) | carbon: Prior art and industry | equivalent
Pac kag INg * Energy used by design | sustainability reports i grams of CO,

Operational Carbon * App lifetime * Operational carbon: Based on between ASICs

* App development time peak power and duration of use and FPGAs
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GreenFPGA Framework

* Input architectural parameters

' : Input params GreenFPGA Outputs
* Estimates embodied CFP B N | P
i * Area of chip : Embodied carbon : Embodied and
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GreenFPGA Framework

* Input architectural parameters
« Estimates embodied CFP Inputparams |||~ GreenFPGA Outputs

- * Area of chip | Embodied carbon S arnElE EE
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GreenFPGA Framework

* Input architectural parameters
- Estimates embodied CFP put params GreenFPGA Outputs
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End of life house
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» Deployment CFP 2 | Tl

* Number of apps Deployment carbon
ASIC FPGA
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GreenFPGA Framework

* Input architectural parameters

» Estimates embodied CFP
Manufacturing
Design
Packaging
End of life

* Deployment CFP
Application development carbon
Operational carbon

Input params

* Area of chip

* Tech node

* Volume of chips

* Recyclable fraction

* Defect densities (yield)

* Energy used by design

* #Employees in design
house

* #Logic gates

* Number of apps

* Peak power

* Average power

* App lifetime

* App development time

GreenFPGA

Embodied carbon

* Design carbon: Design house
sustainability reports

* Manufacturing and packaging
carbon: Prior art and industry
sustainability reports

* EOL carbon: Government
recycling reports

Deployment carbon
* App development carbon:

Based on development time
* Operational carbon: Based on
peak power and duration of use

Outputs

Embodied and
operational
carbon

CFP in
equivalent
grams of CO,

ASIC  FPGA

Comparison
between ASICs
and FPGAs
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GreenFPGA Framework

The total carbon for an FPGA (Crpga)

IS given by the equation below

Crrga = Comp + T; X Cdeploy,i

i=1

Casic = (Cemb,i + T; X Cdeploy,i)

i=1

- Total FPGA CFP
Comp - Embodied carbon
Caeploy - Deployment carbon

CFPGA

Ngpp - Total number of applications

Input params

* Area of chip

* Tech node

* Volume of chips

* Recyclable fraction

* Defect densities (yield)

* Energy used by design

* #Employees in design
house

* #Logic gates

* Number of apps

* Peak power

* Average power

* App lifetime

* App development time

GreenFPGA

Embodied carbon :

* Design carbon: Design house i
sustainability reports :

* Manufacturing and packaging i
carbon: Prior art and industry !
sustainability reports :
* EOL carbon: Government i
recycling reports i

Deployment carbon :

* App development carbon: i
Based on development time )

* Operational carbon: Based on i
peak power and duration of use |

Outputs

Embodied and
operational
carbon

CFP in
equivalent
grams of CO,

ASIC  FPGA

Comparison
between ASICs
and FPGAs
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GreenFPGA Framework

The total carbon for an FPGA (Crpga)
IS given by the equation below

Input params

* Area of chip
T; X Cdeploy,i + Tech node
i=1 * Volume of chips
* Recyclable fraction
* Defect densities (yield)

Crpga = Cemp +

i=Ngpp * Energy used by design
. * #Employees in design
CASIC - (Cemb,i + Ti>< Cdeploy,i) house
i=1 * #Logic gates

* Number of apps

* Peak power

* Average power

* App lifetime

* App development time

Crpca - Total FPGA CFP
Comp - Embodied carbon

Embodied carbon

* Design carbon: Design house
sustainability reports

* Manufacturing and packaging
carbon: Prior art and industry
sustainability reports

* EOL carbon: Government
recycling reports

Deployment carbon
* App development carbon:
Based on development time
* Operational carbon: Based on
peak power and duration of use

GreenFPGA

Outputs

Embodied and
operational
carbon

CFP in
equivalent
grams of CO,

ASIC  FPGA

Comparison
between ASICs
and FPGAs

Caeploy - Deployment carbon
Ngpp - Total number of applications
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GreenFPGA Framework

The total carbon for an FPGA (Crpga)
uation below

IS given by the eq

Crpga = Cemp +

Casic =

CFPGA
Cemb

i=1

Ti X Cdeploy,i

Input params

(Cemb,i + Ti>< Cdeploy,i)

i=1

* Area of chip

* Tech node

* Volume of chips

* Recyclable fraction

* Defect densities (yield)

* Energy used by design

* #Employees in design
house

* #Logic gates

- Total FPGA CFP
- Embodied carbon

Caeploy - Deployment carbon

Napp

- Total number of applications

* Number of apps

* Peak power

* Average power

* App lifetime

* App development time

Embodied carbon

* Design carbon: Design house
sustainability reports

* Manufacturing and packaging
carbon: Prior art and industry
sustainability reports

* EOL carbon: Government
recycling reports

Deployment carbon
* App development carbon:
Based on development time
* Operational carbon: Based on
peak power and duration of use

GreenFPGA

Outputs

Embodied and
operational
carbon

CFP in
equivalent
grams of CO,

ASIC  FPGA

Comparison
between ASICs
and FPGAs
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GreenFPGA Framework
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GreenFPGA Framework
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GreenFPGA Framework
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GreenFPGA Framework
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GreenFPGA Framework
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Embodied Carbon : Design

Design carbon is carbon that arises from the design phase
and is given by :

36



Embodied Carbon : Design

Design carbon is carbon that arises from the design phase
and is given by :

#gates

Cges = Cemp X total emp per chip X avg #gates X Tyroj

Cemp = Edes X Csredes Design 1 Design 2

N
1 fify A7

OMOMMNREQD

o

Multiple
Designs /

37



Embodied Carbon : Design

Design carbon is carbon that arises from the design phase

(

and is given by : g oo ”
#gates £ Zooun o e o
Ches = C X total emp per chip X X Tproi = Jo000 = m 8
des emp PDp p avg #gates proj ' o gy B3 =
2020 2021 2022 0.41 0.34 0.40 047 0.48
- Scope 1 GHG Emissions (metric tco2e) __:(I‘nffjll,f;‘_m'_7‘_0'91. .skﬂzomme- 021 2022
C _ E X C cope 2 GHG Emissions (metric tco2e) Scope 2: Electricity (Market Based)
emp — “des © “src,des Design 1 sign 2 Total CFP ),
T OO
—
ODREDEERME
[ l : gannnnl : %
Multiple
\ Designs /
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Embodied Carbon : Design

Design carbon is carbon that arises from the design phase

and is given by :

Cges = Cemp X total emp per chip X

xXT
avg #gates

Cemp = E jes X Csrc,des
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Embodied Carbon : Design

Design carbon is carbon that arises from the design phase

and is given by :

Cges =|Cemp X total emp per chip X

I
avg #gates

gates

Cemp = E jes X Csrc,des
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Deploy Carbon : App-dev

Carbon emissions due to hardware development to reconfigure
the FPGA to different application

T app-dev = Napp X (front + back end dev) + Nyo; X T qpp config
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Deploy Carbon : App-dev

Carbon emissions due to hardware development to reconfigure
the FPGA to different application

T app-dev = Napp X + back end dev) + N5 X T gpp config

M rTL
—LL

N A
Front end
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Deploy Carbon : App-dev

Carbon emissions due to hardware development to reconfigure
the FPGA to different application

T app-dev = Napp X (front Hback end dev) + N,o; X T qpp config

Front end

Synthesis
Place & Route

BP,

Back end
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Deploy Carbon : App-dev

Carbon emissions due to hardware development to reconfigure

the FPGA to different application

T app-dev = Napp X (front + back end dev) + N,

/" RTL )

\ J
Front end

@ynthesis )
Place & Route

=D,

\ J
Back end

Bitstream

i

FPGA

44



Deploy Carbon : App-dev

Carbon emissions due to hardware development to reconfigure

the FPGA to different application

T app-dev = Napp X (front + back end dev) + N,

Front and back-end development time is done once per
application, and then configured on all the FPGAs

N 4yp - Total number of applications

N, - Application volume

T app,config - Duration of the design project

Capp—dev - Papp—dev X Tapp—dev X Csrc

P 4pp—dev - POwer of CPU used for app-dev
C.,. - Carbon intensity of energy source
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il
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J
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@ynthesis )
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\ J
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=50

FPGA
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Agenda

* Results and analysis

« Conclusion and takeaway
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GreenFPGA results and analysis

« Compare ASIC to FPGAs at iso-performance

« Analyzed for three application domains
— Deep neural networks (DNN)
— Image processing (ImgProc)

— Cryptography (Crypto)

Testcases

ImgProc

Area (normalized to ASIC)

Crypto
1

7.42

Power (normalized to ASIC)

1

1.25

 [T. Tan,2023] emphasizes that ASICs are designed for architectural application and

lack reconfigurability and flexibility.

 FPGAs are highly reconfigurable with the ability to be tuned for specific application
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Analysis: Number of applications

Testcases Crypto | ImgProc
Area (normalized to ASIC) 1 7.42 4
Power (normalized to ASIC) 1 1.25 3
—— ASIC FPGA — ASIC FPGA —— ASIC —— FPGA
~9E+7] a) Crvpto 1.6E+8 b) ImgProc = 9E+7- c) DNN
O 8E+7- (a) Cryp 1.4E+8- (b)Img 8E+7- ©
O 7E+7- 1.2E+8-] . TE+T-
45 BE+7- 1.0E+8] o GE+T- \
n OE+7- 8.0E+7- 5E+7 ‘55
o) 4E+7 6.0E+7-] 4E+7
X 3E+7 4.0E+7 3E+7
e 2.0E+7] 2E+7
L - 0.0E+0- 1E+7 -
0E+0+——11—1 1111 | L L L O UL L L (LA LA R L N IR
012345¢67 8 0 246810121416 0 1 2 3 4 5 6 7 8
Num Apps Num Apps Num Apps

* Number of applications swept keeping volume and application lifetime constant
 Compared ASIC and FPGA for iso-performance
« Power and area variations for different application domains impact A2F cross over point
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Analysis: Application lifetime

— ASIC — FPGA

N7E+7—_
8 6E+7—_
- 5E+7—_
O 4E+7-
m -
uCJ"1E+7—

0E+0-

1.4E+8-
(a) Crypto 1.2E+8

" 1.0E+8-
8.0E+7-
6.0E+7-
4.0E+7-

" 2.0E+7-

0.0E+0-

Testcases Crypto | ImgProc | DNN
Area (normalized to ASIC) 1 7.42 4
Power (normalized to ASIC) 1 1.25 3

ASIC — FPGA

(b) ImgProc

TE+T7 -
6E+7 -

5E+7-
4E+7-

3E+7-
2E+7-
1E+74]

(c) DNN

)
)

16

— ASIC —— FPGA

0.0
App lifetime (years/application)

« Application lifetime swept keeping number of application and volume constant
* Image processing ASIC is better due to lower power and area
 FPGA sustainable for DNN applications for shorter lifetime with F2A point at 1.6 years

T T T T T "1
0.4 0.8 1.2 1.6 2.0 2.4

T rrTr T rrrt
0004081216 20 24
App lifetime (years/application) App lifetime (years/application)

T T T T T T T T T T
0.004081.21.6 20 24
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Analysis: Application volume

Testcases Crypto | ImgProc | DNN
Area (normalized to ASIC) 1 7.42 4
Power (normalized to ASIC) 1 1.25 3
— ASIC FPGA — ASIC FPGA AE+8- ASIC — FPGA
o' 2-5E+8- (a) Crypto 1E+94  (b) ImgProc ] (c) DNN
O 2.0E+8- 8E+8- 3E+8-
e - . -
O 1.5E+8- 6E+8- 2E+8-
(o) i 4AE+8- ]
¢ 1.0E+8_ 2E+8—- 300K 1E+8-
o 5.0E+7- / 1 \ l
LU . 0E+0- OE+0-
0.0E+0t+=—F~ T T~ T BUBNRINVENEEE R N BUBNBENEREE
SEEE553 EE5555 EEEEE 3
8 8 8 M o 8 8 3 M o © 2 9 § > o
App Volume App Volume App Volume

« Application volume swept keeping the number of applications and application lifetime constant
 FPGA is environmentally sustainable for lower application volume
* F2A crossover point determined by power and area variation for iso-performance
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Analysis: CFP components for DNN testcase

FPGA OC FPGA EC ASIC OC ASIC EC
1E+8+ TE+7- 6E+8-
i BE+T:
. _ 1 — 1 se+rd —
~8E+7- 6E+7_ 1 SE+8- ..
@) - 5E+7- — 1 3e+74]
O — 1 1 1 | A4E+8- 2647
"6 6E+7- M 4E+7- : 1E+7—: —
& Bim 1l [ 1 %FT T K tokaookam ||
3E+7- —
¢ 4E+7 HiEIEIE . 2E+8 N App Volume | [
o 1 2E+7 1 7 !
W 2E+7- : 1/ |
1E+7- 1E+8- II :
- 11
0E+0 TS 8 | S P e e e S 1
ﬁ bA 7 8 0.2 08 14 2 2.4 1K 10K 100K 1M 10M
um Apps

(a)

App Lifetime
PP B

App \{glume

Embodied CFP of FPGA stays the same, while that of ASIC increases as the number of applications increase

Increase in operational CFP of ASIC is lesser compared to FPGA as application lifetime increases
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Analysis: CFP components for DNN testcase

FPGA OC FPGA EC ASIC OC ASIC EC
1E+8+ TE+7- 6E+8-
i BE+T:
. _ 1 — 1 se+rd —
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(a)

App Lifetime
PP B

App \{glume

Embodied CFP of FPGA stays the same, while that of ASIC increases as the number of applications increase

Increase in operational CFP of ASIC is lesser compared to FPGA as application lifetime increases
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Analysis: CFP components for DNN testcase

FPGA OC FPGA EC ASIC OC ASIC EC
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Embodied CFP of FPGA stays the same, while that of ASIC increases as the number of applications increase

Increase in operational CFP of ASIC is lesser compared to FPGA as application lifetime increases
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Analysis: CFP components for DNN testcase

FPGA OC FPGA EC ASIC OC ASIC EC
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App Lifetime
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Embodied CFP of FPGA stays the same, while that of ASIC increases as the number of applications increase

Increase in operational CFP of ASIC is lesser compared to FPGA as application lifetime increases
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Analysis: CFP components for DNN testcase

FPGA OC FPGA EC ASIC OC ASIC EC
1E+8- TE+7- 6E+8-
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Embodied CFP of FPGA stays the same, while that of ASIC increases as the number of applications increase

Increase in operational CFP of ASIC is lesser compared to FPGA as application lifetime increases
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Conclusion and key takeaways

https://github.com/ASU-VDA-Lab/GreenFPGA

- Embodied CFP of the FPGA is amortized across
multiple applications unlike ASICs

 FPGASs are a good solution sustainably compared to
ASICs if we have 6 or more applications for
DNN test case

 Considering DNN if the probability of changing | | |
applications frequently is less than 1.6yrs, FPGAs | o S 'l"m»#;:n ol
are good sustainable solutions o o e = A

« FPGAs are environmentally sustainable for lower k] & 'y 1 "M v II"|
application volume - \ A l«- MENL ol

. a"s ‘A “ t a
Scan QR code for GreenFPGA

— T


https://github.com/ASU-VDA-Lab/GreenFPGA
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