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Motivation

𝑎 ? 𝑏 ≪ 𝑠 ∶ 𝑏 + 𝑎 ? 𝑐 ∶ 𝑐 ≪ 𝑠  

𝑎 ? 𝑏 ∶ 𝑐 ≪ 𝑠 + 𝑎 ? 𝑐 ∶ 𝑏  
Not optimized by 
Design Compiler

HLS
Logic 

Synthesis

• Scheduling
• Loop opt.
• Tiling

• Mapping
• Datapath clustering
• Gate minimization

Abstraction level

Whose job is this?

Not optimized 
by Stratus

Behavioural Synthesis
Behavioural RTL → Synthesis Friendly RTL

Manual RTL 
Optimization
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Motivation

𝑎 ? 𝑏 ≪ 𝑠 ∶ 𝑏 + 𝑎 ? 𝑐 ∶ 𝑐 ≪ 𝑠  

𝑎 ? 𝑏 ∶ 𝑐 ≪ 𝑠 + 𝑎 ? 𝑐 ∶ 𝑏  
Not optimized by 
Design Compiler

HLS
Logic 

Synthesis

• Scheduling
• Loop opt.
• Tiling

• Mapping
• Datapath clustering
• Gate minimization

Abstraction level

Whose job is this?

Not optimized 
by Stratus

Behavioural Synthesis
Behavioural RTL → Synthesis Friendly RTL

Manual RTL 
Optimization

Power 
Optimization

?
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E-Graphs

• Compact representation of equivalent designs

• Maintains history 

• Combine program analysis & rewriting

• Constructive rewrite application – phase ordering
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ROVER – RTL Opt. via Verified E-Graph Rewriting

ARITH 
2022
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a b c

Looks like 2 CPA Just 1 CSA

Datapath 
Extraction
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Workload

ROVER – RTL Opt. via Verified E-Graph Rewriting

New: power 
optimization rewrites

Simulator

RTL/Netlist/…

Signal activity
Gate level activity

Power Model
Leakage power (W)
Dynamic power (W)

+

+

a b

c

CSA

a b c

Looks like 2 CPA Just 1 CSA

Datapath 
Extraction

Measuring Power
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Workload

ROVER – RTL Opt. via Verified E-Graph Rewriting

New: efficient 
e-graph simulation

New: power 
optimization rewrites

New: power 
model

Simulator

RTL/Netlist/…

Signal activity
Gate level activity

Power Model
Leakage power (W)
Dynamic power (W)

+

+

a b

c
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a b c

Looks like 2 CPA Just 1 CSA

Datapath 
Extraction
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Don’t Cares – hardware is not software

if a:

    f(x)

else: 

    g(y)

Software – lazy evaluation: 
 f(x) only computed if a=true
Hardware – eager evaluation:
 f(x) and g(y) always evaluated

Don’t care
a=false

Care
a=true

DAC 2023 – exploit don’t 
care for performance

• Muxes introduce potential redundancy

• Redundant computations = wasted power

𝑎 ? 𝑓 𝑥 : 𝑔(𝑦) → 𝑎 ? 𝑓′ 𝑥 ∶ g(y)

Such that:

𝑓′ 𝑥 = ቊ
𝑓 𝑥  𝑖𝑓 𝑎

𝑑𝑜𝑛′𝑡 𝑐𝑎𝑟𝑒 𝑒𝑙𝑠𝑒
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Redundant Computation & Wasted Watts

if buffer=1
• redundant 

computation
• wasted power
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Redundant Computation & Wasted Watts

if buffer=1
• redundant 

computation
• wasted power

Sources of Redundancy

Masking/Saturating

Shifting
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1) Data Gating/Operand Isolation – Zeroing Datapath

• Create a mask from select signal

• Bitwise AND with datapath inputs

Zero multiplier 
input

Original

Low Power
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1) Data Gating/Operand Isolation – Zeroing Datapath

• Create a mask from select signal

• Bitwise AND with datapath inputs

Zero multiplier 
input

Original

Low Power

Left Right

𝑠 ? 𝑏 ∶ 𝑐 𝑠 ? 𝑏 & 𝑤𝑏 𝑠 ∶ 𝑐 & 𝑤𝑐 ҧ𝑠

𝑎 𝑜𝑝 𝑏  & 𝑤𝑜 𝑠 𝑎 & 𝑤𝑜 𝑠  𝑜𝑝 𝑏 & 𝑤𝑏 𝑠

𝑎 & 𝑤𝑎 𝑠1  & 𝑤𝑎 𝑠2 𝑎 & 𝑤𝑎 𝑠1&𝑠2
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1) Data Gating/Operand Isolation – Zeroing Datapath

• Create a mask from select signal

• Bitwise AND with datapath inputs

Zero multiplier 
input

Original

Low Power

Considerations:
• Toggle rate of select signal S
• Toggle rate of data signals A,B
• Timing impact & gate count

Left Right

𝑠 ? 𝑏 ∶ 𝑐 𝑠 ? 𝑏 & 𝑤𝑏 𝑠 ∶ 𝑐 & 𝑤𝑐 ҧ𝑠

𝑎 𝑜𝑝 𝑏  & 𝑤𝑜 𝑠 𝑎 & 𝑤𝑜 𝑠  𝑜𝑝 𝑏 & 𝑤𝑏 𝑠

𝑎 & 𝑤𝑎 𝑠1  & 𝑤𝑎 𝑠2 𝑎 & 𝑤𝑎 𝑠1&𝑠2
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• When enabled is transparent

• When disabled input is “frozen” – no 
power consumed in datapath

Transparent 
Reg (TREG)

Enabled 
Register (REG)

2) Transparent Latch/Register – Operand Isolation
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• When enabled is transparent

• When disabled input is “frozen” – no 
power consumed in datapath

Transparent 
Reg (TREG)

Enabled 
Register (REG)

Original

2) Transparent Latch/Register – Operand Isolation

Low Power
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• When enabled is transparent

• When disabled input is “frozen” – no 
power consumed in datapath

Transparent 
Reg (TREG)

Enabled 
Register (REG)

Original

Considerations:
• Clock gating available?
• Timing impact & gate count

2) Transparent Latch/Register – Operand Isolation

Low Power

Left Right

𝑠 ? 𝑏 ∶ 𝑐 𝑠 ? 𝑇𝑅𝐸𝐺(𝑏, 𝑠): 𝑇𝑅𝐸𝐺 𝑐, ҧ𝑠

𝑇𝑅𝐸𝐺 𝑎 𝑜𝑝 𝑏, 𝑠 𝑇𝑅𝐸𝐺 𝑎, 𝑠  𝑜𝑝 𝑇𝑅𝐸𝐺 𝑏, 𝑠

𝑅𝐸𝐺 𝑎, 𝑒𝑛 𝑅𝐸𝐺 𝑇𝑅𝐸𝐺 𝑎, 𝑒𝑛 , 𝑒𝑛
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3) Clock Gating – Switching off Datapath
• Modify register enable signals

• Construct observability don’t care conditions

Siemens White Paper

https://resources.sw.siemens.com/en-US/white-paper-overview-of-automatic-sequential-clock-gating
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3) Clock Gating – Switching off Datapath
• Modify register enable signals

• Construct observability don’t care conditions

Siemens White Paper

𝑇𝑅𝐸𝐺 𝑅𝐸𝐺 𝐴, 𝑒𝑛 , 𝑅𝐸𝐺 𝐵, 𝑒𝑛 → 𝑅𝐸𝐺 𝐴, 𝑒𝑛 & 𝐵

^Gated Reg^

https://resources.sw.siemens.com/en-US/white-paper-overview-of-automatic-sequential-clock-gating
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3) Clock Gating – Switching off Datapath
• Modify register enable signals

• Construct observability don’t care conditions

Siemens White Paper

Considerations:
• Availability of clock gating signals
• Timing impact & gate count

𝑇𝑅𝐸𝐺 𝑅𝐸𝐺 𝐴, 𝑒𝑛 , 𝑅𝐸𝐺 𝐵, 𝑒𝑛 → 𝑅𝐸𝐺 𝐴, 𝑒𝑛 & 𝐵

^Gated Reg^

https://resources.sw.siemens.com/en-US/white-paper-overview-of-automatic-sequential-clock-gating
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Evaluating the Methods

Power Benefit

Performance/Area 
Penalty

Smaller

Larger

Smaller Larger

Clock 
Gating

Transparent 
Latch

Data Gating

Disclaimer: 
Highly dependent 

upon context!
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Combining Power and Arithmetic Optimization

• Arithmetic rewrites – associativity, carry-save
• Logic rewrites – mux tree rearrangement
• Logic arithmetic exchange 

All rewrites applied and 
combined during exploration
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Extraction: 
• Nodes in an e-class use more/less energy 
• Estimate node cost based on switching activities and operator area
• Extract best using ILP 

Computationally Efficient E-Graph Simulation

1000x

4x

Untapped simulation/ 
testing opportunities?

Simulate one node per e-class 
→ per class switching activity

a 2

/

/

*

* 1

E-graph simulation scales with 
classes not implementations



Intel ConfidentialDepartment or Event Name 2525
XPU Architecture and IP Engineering – GFx Numerical Hardware Group

Datapath Extraction Aware Case Study

Original

Prior Work

Power:-18%
Area :+37%
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Datapath Extraction Aware Case Study

Original

Prior Work

ROVER

𝑤 = 𝑆2𝐺0, 𝑧 = 𝐺1
ഥ𝑆1𝑆0

Push adders through muxes
Use 3 input carry-save adder 

Power:-18%
Area :+37%

Power:-27%
Area :+15%
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Results Up to 34% less power, 24% on average, 5% average area overhead

Intel Open Source
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Results Up to 34% less power, 24% on average, 5% average area overhead

Intel

UNREACHABLE!!!
• Resource sharing –not expressible as 

local equivalence preserving rewrites…

Future Work Open Source
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Backup
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Results

Data 
Gate

Nothing Transparent 
Register



Intel ConfidentialDepartment or Event Name 3131
XPU Architecture and IP Engineering – GFx Numerical Hardware Group

Clock Gate Proof
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