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 Imprecise results in hardware by…
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1. Generic VHDL description

 Precise arithmetic described behaviorally

 Tool selects efficient implementation considering user constraints

Implementation & Flow Strategy
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 Described behaviorally by output registration

 Tool performs retiming/register balancing

Implementation & Flow Strategy
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Implementation: Approximate Adders
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 Precise multipliers in VHDL inferred using     operator

 Precise reference architecture: Radix-4 Booth (32b)

Implementation: Approximate Multipliers
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Kyaw et al., Low-power high-speed multiplier for error-tolerant application, 2010
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 Precise multipliers in VHDL inferred using     operator

 Precise reference architecture: Radix-4 Booth (32b)
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Implementation: Approximate Multipliers
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ATE-Accuracy Profiling: Approximate Adders
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ATE-Accuracy Profiling: Approximate Adders

Adders (32 bit)

ACA-4

ACA-6

ACA-8

ESA-16 ESA-12 ESA-4

ESA-8

ETA2-10 ETA2-8 ETA2-6 ETA2-4

LOA-12 LOA-16 LOA-20

LOA-24

More accuracy, lower MRED
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ATE-Accuracy Profiling: Approximate Adders

LOA LOA
LOA

LOA LOA LOA
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ATE-Accuracy Profiling: Approximate Adders

LOA LOA
LOA

LOA LOA LOA

-25%

-20%
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ATE-Accuracy Profiling: Approximate Adders

ESA, ETA2

LOA LOA
LOA

LOA LOA LOA

-25%

-20%
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ATE-Accuracy Profiling: Approximate Adders

ESA, ETA2

LOA LOA
LOA

LOA LOA LOA

-25%

-20%

30%
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ATE-Accuracy Profiling: Approximate Adders

LOA-12 (1 PL) ESA-4 (0 PL)
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ATE-Accuracy Profiling: Approximate Adders

LOA-12 (1 PL) ESA-4 (0 PL)
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ATE-Accuracy Profiling: Approximate Adders

LOA-12 (1 PL) ESA-4 (0 PL)

-30%

-30%

precise (1 PL)

precise (1 PL)
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ATE-Accuracy Profiling: Approximate Adders

precise ETA2 ETA2 ACA
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ATE-Accuracy Profiling: Approximate Multipliers

Multipliers (32 bit)

UDM

AWTM-4 AWTM-3 AWTM-1

AWTM-2

BAM-16

BAM-24

BAM-32 BAM-40

ETM-4

ETM-8

ETM-12

ETM-16

More accuracy, lower MRED
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ATE-Accuracy Profiling: Approximate Multipliers

BAM

BAM

BAM

BAM

BAM

BAM
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ATE-Accuracy Profiling: Approximate Multipliers

BAM

BAM

BAM

BAM

BAM

BAM

-70%

-70%
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BAM
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ATE-Accuracy Profiling: Approximate Multipliers

BAM

16%
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ATE-Accuracy Profiling: Approximate Multipliers

precise

BAM

BAM, ETM

BAM

ETM
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ATE-Accuracy Profiling: Approximate Multipliers

precise

BAM

BAM, ETM

BAM

ETM

20%

11%
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ATE-Accuracy Profiling: Approximate Multipliers

ETM-8

ETM-12
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ATE-Accuracy Profiling: Approximate Multipliers

ETM-8

ETM-12
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design and parameterizable amount of pipeline stages

 Pipelining applied by register balancing

Conclusion
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 Exploration of approximate adder and multipliers with a generic 

design and parameterizable amount of pipeline stages

 Pipelining applied by register balancing

 Besides to more performance, pipelining can increase area and 

energy efficiency of arithmetic units at a fixed performance

 Pipelining-aware two-phase synthesis flow

 Area reduction of up to 20%

 Energy reduction of up to 11%

Conclusion
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 Exploration of approximate adder and multipliers with a generic 

design and parameterizable amount of pipeline stages

 Pipelining applied by register balancing

 Besides to more performance, pipelining can increase area and 

energy efficiency of arithmetic units at a fixed performance

 Pipelining-aware two-phase synthesis flow

 Area reduction of up to 20%

 Energy reduction of up to 11%

Conclusion

Pipelining aids in meeting the target timing constraint without 

switching to an approximate unit with lower accuracy
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Thank you for your attention!
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 Specialized architectures for operating on independent, massively 

vectorizable data

Backup: Vector Processor Architectures

Vector Processor Architectures
vertical horizontal / microSIMD
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 Specialized architectures for operating on independent, massively 

vectorizable data

 Found in image processing, e.g., filtering (2D convolution, MAC), image 

differences (pixel-wise subtraction)

Backup: Vector Processor Architectures

Vector Processor Architectures
vertical horizontal / microSIMD
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 Specialized architectures for operating on independent, massively 

vectorizable data

 Found in image processing, e.g., filtering (2D convolution, MAC), image 

differences (pixel-wise subtraction)

 Programming flexibility while maintaining high processing performance 

Backup: Vector Processor Architectures

Vector Processor Architectures
vertical horizontal / microSIMD
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 Specialized architectures for operating on independent, massively 

vectorizable data

 Found in image processing, e.g., filtering (2D convolution, MAC), image 

differences (pixel-wise subtraction)

 Programming flexibility while maintaining high processing performance 

 Approximate arithmetic for 

higher performance,

area- or energy-efficiency 

 Approximate adder 

and multiplier designs

Backup: Vector Processor Architectures

Vector Processor Architectures
vertical horizontal / microSIMD
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms

FLINT+ 
FPGA-based Timing Analysis Framework for

Stochastic Computing Operation



ATE-Accuracy Trade-Offs for Approximate Adders and Multipliers in Pipelined Processor Datapaths, AxC18, 31.05.2018 Slide 86

Institute of Microelectronic Systems

Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms

FLINT+ 
FPGA-based Timing Analysis Framework for

Stochastic Computing Operation
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms

CV Application
e.g., SIFT feature extraction, 

stereo image rectification

FLINT+ 
FPGA-based Timing Analysis Framework for

Stochastic Computing Operation
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms

CV Application
e.g., SIFT feature extraction, 

stereo image rectification

FLINT+ 
FPGA-based Timing Analysis Framework for

Stochastic Computing Operation
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Backup: Analysis Framework for Approximate and
Stochastic Computing Processor Architectures

Approximate Library

ADD MUL

Generic VHDL library of

approximate adders & 

multipliers

Vector Processor Architectures
vertical horizontal / microSIMD

Generic VHDL description, exploit data-level 

parallelism of image processing algorithms

CV Application
e.g., SIFT feature extraction, 

stereo image rectification

FLINT+ 
FPGA-based Timing Analysis Framework for

Stochastic Computing Operation

Trade-Off 

Application Stability, 

Computational Accuracy

<-> 

Performance, Energy 

Efficiency
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 Generic VHDL implementation strategy for approximate adder and 

multiplier designs

 Inferring optimized precise sub-components

Outline
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 Generic VHDL implementation strategy for approximate adder and 

multiplier designs

 Inferring optimized precise sub-components

 Pipelining-aware ASIC synthesis flow for area-efficient gate-level 

implementations

 Configurable number of pipeline stages

Outline
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 Generic VHDL implementation strategy for approximate adder and 

multiplier designs

 Inferring optimized precise sub-components

 Pipelining-aware ASIC synthesis flow for area-efficient gate-level 

implementations

 Configurable number of pipeline stages

 Area-Timing-Energy-Accuracy profiling for pipelined approximate 

adders and multipliers

Outline
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

D Q D QD QComb. Logic

CLK

tc,initial = tFF + tlogic,total + tsetup

N registers

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

D Q D QD Q

CLK

N registers

Logic Logic

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

D Q D QD Q

CLK

N registers

Logic Logic

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient

2. Incremental synthesis with retiming/register balancing at the 

desired timing constraint
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

D Q D QD QLogic

CLK

tc,retime = tFF + (tlogic,total / N) + tsetup

Logic

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient

2. Incremental synthesis with retiming/register balancing at the 

desired timing constraint
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Two-Phase Pipelining-Aware ASIC Synthesis Flow

D Q D QD QLogic

CLK

tc,retime = tFF + (tlogic,total / N) + tsetup

Logic

1. Architecture selection and mapping with a relaxed timing 

constraint  more area-efficient

2. Incremental synthesis with retiming/register balancing at the 

desired timing constraint

up to   

-10%

Circuit Area 

Radix-4 Booth Multiplier


