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DNN Quantization
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- High memory cost
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Can we further compress the computation of int8 to improve the 

inference performance without loss of accuracy?



Deploy Quantized Multiplication
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14 × 27 = 00001110 × 00011011
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1. To use both DSPs and LUTs for multiplication.

2. To make our LUT implementation smaller.

How do we further improve the performance?



Bit-Serial Scheme with Bit-Sparsity
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An alternative approach for the multiplier on LUT
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Workload Imbalance in Bit-Sparsity Scheme
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The workload imbalance issue in bit-sparsity:

Ref: BitCluster (TCAD, Volume: 41, Issue: 11, November 2022)

Need a method to use a restricted and small number of EB without 

causing major loss of accuracy. 
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Mixing Signed-digit Representations (MSD)

◼ A framework that automatically partitions the DNN workloads to run 
on DSPs and LUTs

◼ We proposed a new representation called restricted signed-digit 
(RSD) to help restrict the number of EB
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Signed-Digit Representation
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46 (int8)

= 00101110

30 (int8)

= 00011110

56 (int8)

= 00111000

46 → 40

= 00101110

30 → 24

= 00011110

56 → 48

= 00110000

Restriction: EB = 2

Large quantization error

Our Approach: Signed-digit representation

Note that 2’s complement is actually a special case of signed-digit: 

𝑋 = (−1)𝑋[𝑛−1]× 2𝑛−1 +෍

𝑖=0

𝑛−2

𝑋 𝑖 × 2𝑖 , 𝑋 𝑖 = 0, 1

Let 𝑋 𝑖 (i-th bit in the number with n-bit) expand to 0, 1 and -1 (ത1):

𝑋 = ෍

𝑖=0

𝑛−1

𝑋 𝑖 × 2𝑖 , 𝑋 𝑖 = {0, 1, −1}

= ෍

𝑖=0

𝑛−1

𝑋 𝑖 × 2𝑖 , 𝑋 𝑖 = ቊ
0, 1 𝑖𝑓 𝑖 ≠ 𝑛 − 1

0, −1 𝑖𝑓 𝑖 = 𝑛 − 1

Effectual 
bits (EB)

To solve the imbalance issue

Find another number format with 
higher representation capability



Hardware Does Not Change a lot!
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Restricted Signed-Digit
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Restrict EB: Restricted signed-digit (RSD)
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48 = 32 + 16 

=         

RSD
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Original

Numbers
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=       ത  
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=     ത    
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𝐸𝐵 =  ,
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= 00010001

Error
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Algorithm: set up 2’s integer power (0, 2, 4, 8,…) as the 
bases, iteratively find the base and sign bits according 
to the restriction.  30 -> get 32 and -2 in two iterations

RSD suits original weight distributions better 



Weights Encoding & Bit-serial PE Design

◼ We focused on layer-wise weights quantization in this work, and using the de facto 
8-bit (int8) model as the starting point.
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48 = 32 + 16 

=         
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IDXSEL

16 = 32 - 16 
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RSD Encode 

  ’  position
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Another SEL bit to 
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Heterogeneous Architecture

◼ BSPE & BPPE: Bit-serial & Bit-parallel PE, 
set up as a systolic array

◼ BSPEs are implemented on LUTs, while 
BPPEs are based on DSPs, running 
simultaneously
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◼ Standard 2’s complement can be 
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digit representation.

INT8 multiplication on DSPs (standard representation)



Search Schedules

◼ Parameters that need to be searched by the scheduler (for each layer)
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Hardware-aware Mixed-EB Quantization
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◼ End-to-end framework

◼ Inputs: DNN models and FPGA device constraints

◼ Mixed-EB search for each layer, under the constraint 
of MSE and latency (calculated based on the 
hardware model)

Initialize all EB = 3

Latency ranking of all layers

Select top-k layers as candidates

Reorder candidates based on MSE

Degrade EB (3→2 or 2→1)

Iteration until reach 𝜔

Objective: Minimize
quantization error

Constraint: 
speedup ratio, 𝜔

Search FlowPlease Refer 

to PyTorch
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Mixed-EB Quantization
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◼ Device: Ultra-96

◼ Layer-wise EB configuration

◼ The final speedup meets the constraint of 𝜔

Objective: Minimize
quantization error

Constraint: 
speedup ratio, 𝜔

The baseline is we only use 
DSPs for computation

◼ Higher speedup constraint -> larger 𝜔

◼ More aggressive search for higher speedup, 
to reach the constraint



Accuracy-Speedup Trade-off
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Set more aggressive constraint (𝜔↑)

Search for higher speedup

We need lower latency!

More layers with smaller EB

Results with accuracy loss

MSD

Accuracy-speedup trade-off

This area should be 
OK for most cases!

Also, RSD-based bit-serial scheme is more efficient 
than conventional parallel design on LUTs! 



Comparison with Previous Works
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MSD-Opt: If we set up 
the frequency same with 
the Vitis-AI (287 MHz) ☺

                                             

    

   

    

 

 

   

            

        

           

                                    
                   

                          

      

      

      

               
        

        
                  

     

     

     

 

 

             

       
  

       
  

                                           
      

                 



Conclusion & Future Works

◼ MSD framework:

• is a heterogeneous DNN acceleration framework that utilizes both LUTs and DSPs as 
computation resources and to exploit bit-sparsity.

• fine-tunes and encodes the DNN weights into a bit-sparsity-aware format, making the bit-
serial computation on LUTs more efficient.

• uses a latency-driven algorithm to search for the optimal schedule and trade-off based on 
layer-wise mixed EB.

◼ We will explore more efficient scheduling methods and exploit FPGA-layout-tailored hardware 
design to enhance the hardware clock frequency further.
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More info of this paper in our group site! MSD open-source in GitHub
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