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Motivations: Challenges

• Develop a fast and efficient deep RNN inference
− on FPGAs

• C1: Unbalanced Initiation Interval (II) : control re-use 
− multi-layer neural network inference system on FPGAs

− long latency and low hardware efficiency

• C2: Need HLS-based LSTM template
− scalable and low latency 
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Achievements
• A1: novel way to balance II of multi-layer LSTM inference

₋ identify reuse factors for each LSTM layer: improve performance

₋ balance the hardware resources: improve hardware efficiency

₋ address challenge C1

• A2: A scalable and low latency HLS-based LSTM template 
− enable the generation of low-latency FPGA designs

− open source: https://github.com/walkieq/RNN_HLS

− address challenge C2
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A1: balance Initiation Interval (II)

• For a model with multiple layers using HLS Dataflow, the 
system initiation interval (II):

IIsys = MAX (IIlayer0 , IIlayer1  , … , IIlayerN-1, IIlayerN)
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• Initiation interval (II): number of cycles until a unit can accept new inputs
• Control resource re-use: low II, less re-use, more resources/parallelism, faster
• Max efficiency: balance IIs



A1: balance Initiation Interval (II)

• For a model with multiple layers using HLS Dataflow, the 
system initiation interval (II):

IIsys = MAX (IIlayer0 , IIlayer1  , … , IIlayerN-1, IIlayerN)
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• The optimal case is all the layers have the same initiation 
internal :

IIsys = IIlayer1 = IIlayer2  = … = IIlayerN-1 = IIlayerN
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• Balance the IIs among layers

A1: balance Initiation Interval (II)



A2: The II of a single LSTM Layer

For(i=0; i<Timesteps; i++)

{

Acc = mvm_x(Wx, b, xt);

Acc = mvm_h(Wh, Acc, ht-1);

Acc = sigmoid_tanh(Acc);

ht = lstm_tail(Acc);

}
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A2: The II of a single LSTM Layer
Depthmvm_x Depthh_tail

IIts = MAX (Depthmvm_x, Depthh_tail)
IIlayer =  IIts*Timesteps

IIts = Depthmvm_x = Depthh_tail 9



• Rx : Reuse factor [j18] for 
MVM involving x

• Rh: Reuse factor for MVM 
involving h 

A2: The II of a single LSTM Layer

LTmvm_x = LTmvm_h + LTσ + LTtail

Rx = Rh + LTσ + LTtail
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[j18]: J. Duarte, S. Han, P. Harris, S. Jindariani, E. Kreinar, B. Kreis, J. Ngadiuba, M. Pierini, R. 
Rivera, N. Tran et al., “Fast inference of deep neural networks in FPGAs for particle physics,” 
Journal of Instrumentation, vol. 13, no. 07, p.P07027, 2018.

higher R:
- more re-use
- less resources
- less parallelism



DSP usage

𝐷𝑆𝑃 𝑝𝑒𝑟 𝐿𝑎𝑦𝑒𝑟 =
4𝐿𝑥𝐿ℎ
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mvm x mvm h LSTM tail

𝐷𝑆𝑃 𝑝𝑒𝑟 𝑀𝑜𝑑𝑒𝑙 =
Σ4𝐿𝑥𝐿ℎ
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2

𝑅ℎ
+ Σ 4𝐿ℎ

𝐷𝑆𝑃 𝑝𝑒𝑟 𝑀𝑜𝑑𝑒𝑙 ≤ 𝐷𝑆𝑃𝑠_𝑜𝑛_𝐹𝑃𝐺𝐴
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Example 1
• AutoEncoder

for LIGO
(4 LSTM layers)

• XCKU115 
(5520 DSP)

Σ4𝐿𝑥𝐿ℎ

𝑅ℎ+8
+ 
Σ4𝐿ℎ

2

𝑅ℎ
+ Σ 4𝐿ℎ ≤ 5520

1

2

Best parameter:  ቊ
𝑅ℎ = 2
𝑅𝑥 = 10

𝑅ℎ
2 + 5.858𝑅ℎ − 13.391 ≥ 0

𝑅ℎ ≥ 1.76
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Example 2

Σ4𝐿𝑥𝐿ℎ

𝑅ℎ+8
+ 
Σ4𝐿ℎ

2

𝑅ℎ
+ Σ 4𝐿ℎ ≤ 12288

1

2

Best parameter:  ቊ
𝑅ℎ = 1
𝑅𝑥 = 9

𝑅ℎ
2 + 7.070𝑅ℎ − 5.847 ≥ 0

𝑅ℎ ≥ 0.75

• AutoEncoder 
for LIGO
(4 LSTM layers)

• XCKU115 
(5520 DSP)
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Pareto frontier
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lower R, II:
- less re-use
- more resources
- more parallelism
- faster

improvement in speed

reduction in DSP resources



A3. Comparison of the FPGA designs

15Z3: lowest, same as Z1Z1: max parallelism, but does not fit 



A3. Comparison of the FPGA designs

16U1: max parallelism, still fit 
U3: increase II by 8.3%,

reduce DSP by 75%  



Summary
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• A1: novel way to balance II of multi-layer LSTM inference
₋ identify reuse factors for each LSTM layer: improve performance

₋ balance the hardware resources: improve hardware efficiency

• A2: A scalable and low latency HLS-based LSTM template 
− enable the generation of low-latency FPGA designs

− open source: https://github.com/walkieq/RNN_HLS


