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Optimizing Convolution Operators

LoWino: Towards Efficient Low-Precision Winograd Convolution on Modern CPUs

Low-Precision Computation

Fast Convolution

Reducing the number of multiplications 
tackling direct convolution.

F(2x2,3x3): 2.25x
F(4x4,3x3): 4x

Arithmetic Complexity 
Reduction

Winograd Algorithm
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Combination of 
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and Winograd Algorithm

?
-127 1270

0−𝑽𝑽𝐦𝐦𝐦𝐦𝐦𝐦

Quantization

𝑽𝑽𝐦𝐦𝐦𝐦𝐦𝐦



Winograd Convolution
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input

output

filter𝑌𝑌𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑓𝑓𝑓𝑓𝐴𝐴

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝐺𝐺𝑔𝑔𝑓𝑓𝑓𝑓𝐺𝐺𝑇𝑇

𝑉𝑉𝑓𝑓𝑓𝑓 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑓𝑓𝑓𝑓𝐵𝐵

𝑍𝑍𝑓𝑓𝑓𝑓 = 𝑈𝑈𝑓𝑓𝑓𝑓⨀𝑉𝑉𝑓𝑓𝑓𝑓

Input Tile: 𝑑𝑑
Filter: 𝑔𝑔

Filter Trans

Input Trans

Multiplication

Output Trans

𝒚𝒚 = 𝑨𝑨𝑻𝑻 𝑮𝑮𝑮𝑮𝑮𝑮𝑻𝑻]⨀[𝑩𝑩𝑻𝑻𝒅𝒅𝒅𝒅 𝑨𝑨

• 𝐹𝐹(𝑚𝑚×𝑚𝑚, 𝑟𝑟×𝑟𝑟)
• Output Size: 𝑚𝑚 × 𝑚𝑚; Filter Size: 𝑟𝑟 × 𝑟𝑟; 
• Input size: 𝑚𝑚 + 𝑟𝑟 − 1 × 𝑚𝑚 + 𝑟𝑟 − 1
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Motivating Examples

Brute-Force Approach

𝑈𝑈𝑖𝑖𝑖 = 𝐺𝐺𝑔𝑔𝑖𝑖𝑖′ 𝐺𝐺𝑇𝑇

𝑉𝑉𝑖𝑖𝑖 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑖𝑖𝑖′ 𝐵𝐵

Brute-Force
Approach

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑖𝑖𝑖⨀𝑉𝑉𝑖𝑖𝑖

𝑦𝑦𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑖𝑖𝑖𝑖𝐴𝐴

𝑑𝑑𝑑𝑖𝑖𝑖 =

127 127 127 127
127 127 127 127
127 127 127 127
127 127 127 127

𝑉𝑉𝑖𝑖𝑖 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑖𝑖𝑖′ 𝐵𝐵 =

0 0 0 0
0 508 0 0
0 0 0 0
0 0 0 0

𝐵𝐵𝑇𝑇 =

1 0 −1 0
0 1 1 0
0 −1 1 0
0 1 0 −1

Overflow: Out of Range!

increase values up to 4x

Input Tile: 𝑑𝑑
Filter: 𝑔𝑔

Quantized Input Tile: 𝑑𝑑′ = 𝑄𝑄(𝑑𝑑)
Quantized Filter: 𝑔𝑔′ = 𝑄𝑄(𝑔𝑔)
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Motivating Examples
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(a) 
Up-Casting 
Approach

(b) 
Down-Scaling 

Approach

Cannot be calculated under int8!



Motivating Examples
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(a) 
Up-Casting 
Approach

(b) 
Down-Scaling 

Approach

Rounding Errors



𝑦𝑦𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑓𝑓𝑓𝑓𝐴𝐴

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝐺𝐺𝑔𝑔𝑓𝑓𝑓𝑓𝐺𝐺𝑇𝑇

𝑉𝑉𝑓𝑓𝑓𝑓 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑓𝑓𝑓𝑓𝐵𝐵

Full-Precision  
Approach

Input Tile: 𝑑𝑑
Filter: 𝑔𝑔

Quantized Input Tile: 𝑑𝑑′ = 𝑄𝑄(𝑑𝑑)
Quantized Filter: 𝑔𝑔′ = 𝑄𝑄(𝑔𝑔)

𝑈𝑈𝑖𝑖𝑖 = 𝐺𝐺𝑔𝑔𝑖𝑖𝑖′ 𝐺𝐺𝑇𝑇

𝑉𝑉𝑖𝑖𝑖 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑖𝑖𝑖′ 𝐵𝐵

𝑍𝑍𝑓𝑓𝑓𝑓 = 𝑈𝑈𝑓𝑓𝑓𝑓⨀𝑉𝑉𝑓𝑓𝑓𝑓

S1: Filter Trans
S2: Input Trans
S3: Multiplication
S4: Output Trans

Brute-Force
Approach

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑖𝑖𝑖⨀𝑉𝑉𝑖𝑖𝑖

𝑦𝑦𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑖𝑖𝑖𝑖𝐴𝐴

Overflow

𝑈𝑈𝑖𝑖𝑖𝑖 = 𝐺𝐺𝑔𝑔𝑖𝑖𝑖′ 𝐺𝐺𝑇𝑇

𝑉𝑉𝑖𝑖𝑖𝑖 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑖𝑖𝑖′ 𝐵𝐵

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑖𝑖𝑖𝑖⨀𝑉𝑉𝑖𝑖𝑖𝑖

𝑦𝑦𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑖𝑖𝑖𝑖𝐴𝐴

Up-Casting
Approach

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝐺𝐺𝑔𝑔𝑖𝑖𝑖′ 𝐺𝐺𝑇𝑇

𝑉𝑉𝑓𝑓𝑓𝑓 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑖𝑖𝑖′ 𝐵𝐵

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝛼𝛼𝑈𝑈𝑓𝑓𝑓𝑓 𝑖𝑖𝑖
⨀[𝛽𝛽𝑉𝑉𝑓𝑓𝑓𝑓]𝑖𝑖𝑖

𝑦𝑦𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇(𝛼𝛼−1𝛽𝛽−1𝑍𝑍𝑖𝑖𝑖𝑖)𝐴𝐴

Down-Scaling
Approach

Degradation Distortion

Existing Approaches
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𝑈𝑈 = 𝐺𝐺𝑔𝑔𝑔𝑔𝑇𝑇

𝑉𝑉 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑑𝑑

𝑉𝑉′ = 𝒬𝒬(𝑉𝑉)

𝑈𝑈′ = 𝒬𝒬(𝑈𝑈)
⊙

𝑦𝑦 = �
𝐶𝐶

𝐴𝐴𝑇𝑇𝑍𝑍𝐴𝐴

𝑍𝑍′ = 𝑈𝑈𝑈⨀𝑉𝑉𝑉

𝑈𝑈𝑓𝑓𝑓𝑓 = 𝐺𝐺𝑔𝑔𝑓𝑓𝑓𝑓𝐺𝐺𝑇𝑇

𝑉𝑉𝑓𝑓𝑓𝑓 = 𝐵𝐵𝑇𝑇𝑑𝑑𝑓𝑓𝑓𝑓𝐵𝐵

𝑍𝑍′𝑖𝑖𝑖𝑖 = 𝑈𝑈𝑈𝑖𝑖𝑖⨀𝑉𝑉𝑉𝑖𝑖𝑖

𝑌𝑌𝑓𝑓𝑓𝑓 = 𝐴𝐴𝑇𝑇𝑍𝑍𝑓𝑓𝑓𝑓𝐴𝐴

𝑈𝑈𝑈𝑖𝑖𝑖 = 𝑄𝑄(𝑈𝑈)

𝑉𝑉𝑉𝑖𝑖𝑖 = 𝑄𝑄(𝑉𝑉)

𝑍𝑍𝑓𝑓𝑓𝑓 = 𝑄𝑄′(𝑀𝑀𝑀)
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𝑍𝑍 = 𝒬𝒬′(𝑍𝑍′)

input

output
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+
𝑟𝑟
−

1

LoWino: Quantization in the Winograd Domain

𝒚𝒚 = 𝑨𝑨𝑻𝑻 𝓠𝓠′( 𝓠𝓠(𝑮𝑮𝑮𝑮𝑮𝑮𝑻𝑻)]⨀[𝓠𝓠(𝑩𝑩𝑻𝑻𝒅𝒅𝒅𝒅) ) 𝑨𝑨
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Quantization Function and Calibration

• Quantization Function

𝑌𝑌 = 𝐴𝐴𝑇𝑇 𝒬𝒬′( 𝒬𝒬(𝐺𝐺𝐺𝐺𝐺𝐺𝑇𝑇)]⨀[𝒬𝒬(𝐵𝐵𝑇𝑇𝑑𝑑𝑑𝑑) ) 𝐴𝐴

Scaling Factor

• De-Quantization Function

Calibration 

𝑆𝑆𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑥𝑥𝑓𝑓𝑓𝑓𝑓𝑓 =
min(max −128, 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑥𝑥𝐹𝐹𝐹𝐹32 , 127))

Conversion with Saturation
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Implementation and Optimization
To demonstrate our approach’s effectiveness and efficiency, we implemented 
LoWino on Intel platforms by utilizing VNNI as the vehicle.

The semantic of the vpdpbusd instruction.

Horizontal 
Accumulation
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Implementation and Optimization
1. Input and Output Transformation
2. Matrix Multiplication
3. Output Transformation
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Implementation and Optimization

Challenges
• Extra memory operations containing non-consecutive memory 

access, e.g., scattering and gathering operations;
• Quantization and de-quantization overheads; 
• Data type and layout requirements for low-precision computation 

instructions.

Our Design
• Overlapping computation and memory operations as much as 

possible;
• Reducing memory access latency; 
• Increasing the computation efficiency through vectorization and 

data reuse.
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Implementation and Optimization

B (batch size), C (input channel), K (output channel)
H&W (input height & width), H’&W’ (output height & width)
N (input tiles), T (Elements in Each single input tile)
N_blk, C_blk, K_blk (bocking hyper-parameters)

VNNI-Specific:
𝝈𝝈 = 𝟏𝟏𝟏𝟏
(the vector length of 32-bit word in a register)
𝝋𝝋 = 𝟒𝟒
(the number of 8-bit elements in a 32-bit word)
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Implementation and Optimization

Codelets Generation (using input transformation as an example)
for i = 0 to phi:
out[i][a] = -2 * in[i][1] - 1 * in[i][2] + 2 * in[i][3] + 1 * in[i][4];
out[i][b] =  2 * in[i][1] - 1 * in[i][2] - 2 * in[i][3] + 1 * in[i][4];

for i = 0 to phi:
temp[i]   = -1 * in[i][2] + 1 * in[i][4];
out[i][a] = -2 * in[i][1] + 2 * in[i][3] + temp[i];
out[i][b] =  2 * in[i][1] - 2 * in[i][3] + temp[i];

...
out[0][a] = -2 * in[0][1] + 2 * in[0][3] + temp[0];
out[1][a] = -2 * in[1][1] + 2 * in[1][3] + temp[1];
...

...
int8_out[a][0] = saturate_cast<int8>(out[0][a] * alpha); FP32->INT8
int8_out[a][1] = saturate_cast<int8>(out[1][a] * alpha); FP32->INT8
...
non_temporal_store(next_step_input[a], int8_out[a]); // 64 * INT8

0 -2 -1  2 1 1 0
0  2 -1 -2 1 1 0

…

…

Common Sub-Expression Elimination

Loop Unrolling

Quantization and Non-Temporal Store

Transformation
Matrix

Transformation Meta-Code

Non-Temporal 
Store
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Implementation and Optimization

Batched Matrix Multiplication
• Two-Level Blocking (Cache and Register)
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Implementation and Optimization

Batched Matrix Multiplication: Code Generation 

Auto-Tuning

• Cache Blocking:
C_blk * K_blk < 512 * 512

• Register Blocking:
row_blk * col_blk + rol_blk < 31
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Experimental Results

CPU Platform: 
8-Core Intel Xeon Scalable Processor 
(Cascade Lake)

Specifically, we address two major research questions:
1) What is the performance of LoWino compared with 
the state-of-the-art implementations?
2) What is the end-to-end accuracy loss of our 
approach on representative convolutional neural 
networks?
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Experimental Results

Convolutional Layer Speedups

Our approach achieves an up to 2.04x speedup and an average of 1.26x speedup.
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Experimental Results

Neural Network Accuracy

Our approach can maintain the 
accuracy at an acceptable level for 
both F(2x2, 3x3) and F(4x4, 3x3).
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Conclusion

LoWino: Towards Efficient Low-Precision Winograd Convolution on Modern CPUs

For more details, please refer to our paper.

• We propose a low-precision Winograd convolution approach, which introduces 
quantization in the transformed domain, thereby effectively exploiting the capability of low-
precision computations while maintaining the accuracy at a reasonable level.

• We present an efficient implementation of low-precision Winograd convolutions on modern 
CPU platforms, which employs several well-designed optimization techniques to enhance the 
efficiency in both computation and memory access.



50th International Conference on Parallel Processing (ICPP) 
August 9-12, 2021 in Virtual Chicago, IL 

Thank You
liguangli@ict.ac.cn
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