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Need for Sustainable AI

GPT-3GPT-3

• Training GPT-3 takes 14.8 days with 10,000 V100 GPUs consuming 1,287MWh  

• Enough energy to power approx. 44,183 US households for one day

Training GPT-3

[1] Patterson et al. (2021). Carbon Emissions and Large Neural Network Training. arXiv:2104.10350

[2] https://www.eia.gov/tools/faqs/faq.php?id=97&t=3. How much electricity does an American home use?

[2]
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• Training GPT-3 takes 14.8 days with 10,000 V100 GPUs consuming 1,287MWh  

• Enough energy to power approx. 44,183 US households for one day
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Training GPT-3
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Prior Work to Save Energy in DNN Training
• GPU DVFS (Dynamic Voltage and Frequency Scaling) 

‣ Finding optimal streaming multiprocessor (SM) or memory clock frequency
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Prior Work to Save Energy in DNN Training
• GPU DVFS (Dynamic Voltage and Frequency Scaling) 

‣ Finding optimal streaming multiprocessor (SM) or memory clock frequency

Reducing SM frequency saves energy but degrades performance 
3

SM
 F

re
qu

en
cy

Maximum  
(default)

Minimum

Po
w

er
 (W

)

Execution Time (h)



/ 30

GPU DVFS: Energy Scaling Valley Trend
Training Megatron-125M with V100
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GPU DVFS: Energy Scaling Valley Trend
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GPU DVFS: Energy Scaling Valley Trend
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Training Megatron-125M with V100

Prior work focused on navigating the energy-performance tradeoff 
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Problem: Hard to Sacrifice Perf. or Accuracy in Training 

• Performance: how much slowdown is acceptable for long-running jobs?


‣ 10% slowdown for 1 month training is 3 days 


• Accuracy: the training goal for ML practitioners 

5
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Problem: Hard to Sacrifice Perf. or Accuracy in Training 

• Performance: how much slowdown is acceptable for long-running jobs?


‣ 10% slowdown for 1 month training is 3 days 


• Accuracy: the training goal for ML practitioners 

Important to save energy without degrading any performance or accuracy 
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• Model vertically partitioned to each GPU

Opportunity: Bubbles in Pipeline Parallelism
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Micro-batch 2  
(Size 8)

Micro-batch 3  
(Size 8)

Micro-batch 4  
(Size 8)

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution

Opportunity: Bubbles in Pipeline Parallelism
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Micro-batch 3  
(Size 8)

Micro-batch 4  
(Size 8)

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution

Opportunity: Bubbles in Pipeline Parallelism

6

GPU 1 GPU 2 GPU 3 GPU 4

Micro-batch 1  
(Size 8)



/ 30

2
1 1

1 2 3 4 1 2 3 4
1 2 3

1 2
1 42 2 3 3 41

1 2 33 4 4
1 2 34 4

Opportunity: Bubbles in Pipeline Parallelism

<1F1B Pipeline Scheduling>

GPU 1
GPU 2
GPU 3
GPU 4

※ Scope of EnvPipe limited to synchronous pipeline parallelism6

Time

Forward Pass Backward Pass Bubble

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution
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Opportunity: Bubbles in Pipeline Parallelism

<1F1B Pipeline Scheduling>

GPU 1
GPU 2
GPU 3
GPU 4

※ Scope of EnvPipe limited to synchronous pipeline parallelism6

Time

Forward Pass Backward Pass Bubble

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution

Send activation Send gradient
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Opportunity: Bubbles in Pipeline Parallelism

<1F1B Pipeline Scheduling>

GPU 1
GPU 2
GPU 3
GPU 4

※ Scope of EnvPipe limited to synchronous pipeline parallelism6

Time Weight update

Forward Pass Backward Pass Bubble

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution

• Weight update introduces inevitable pipeline bubbles 
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Opportunity: Bubbles in Pipeline Parallelism

<1F1B Pipeline Scheduling>

GPU 1
GPU 2
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※ Scope of EnvPipe limited to synchronous pipeline parallelism6

Time Weight update

Forward Pass Backward Pass Bubble

• Model vertically partitioned to each GPU

• Splits input mini-batch into multiple micro-batches and pipelines execution

• Weight update introduces inevitable pipeline bubbles 
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Leverage pipeline bubbles to save energy without performance degradation  
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Challenge 1: Not All Bubbles are Usable

<GPipe Pipeline Scheduling>
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Challenge 1: Not All Bubbles are Usable

<GPipe Pipeline Scheduling>

Forward Pass Backward Pass Bubble
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Stretch FP4 
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Need to identify usable and unusable bubbles 

Send Activation
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Challenge 2: Not Enough Usable Bubbles

Forward Pass Backward Pass

Usable Bubble Unusable Bubble Critical Path
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Too much stretching can degrade performance
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Challenge 2: Not Enough Usable Bubbles

Forward Pass Backward Pass

Usable Bubble Unusable Bubble Critical Path

GPU 1
GPU 2
GPU 3
GPU 4

※ Critical path looks like an9

<1F1B Pipeline Scheduling>

Leverage bubbles just the right amount to avoid performance degradation 

2 3 4 1 2 3
3
2 1 2 33 4

1 2 342
1 4

1
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4
Too much stretching can degrade performance

Envelope
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Goals of EnvPipe
+ Pipeline Parallelism
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+ Pipeline Parallelism

Maximize Energy Saving Leverage as many pipeline bubbles as possible
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Goals of EnvPipe
+ Pipeline Parallelism

No Accuracy Degradation Not modify user-provided hyperparameters

Maximize Energy Saving Leverage as many pipeline bubbles as possible

10

Envelope

EnvPipe



/ 30

Goals of EnvPipe
+ Pipeline Parallelism

No Accuracy Degradation

Minimize Perf. Degradation

Not modify user-provided hyperparameters

Keep performance degradation to near zero

Maximize Energy Saving Leverage as many pipeline bubbles as possible

10

Envelope

EnvPipe
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EnvPipe
Performance-preserving DNN Training Framework for Saving Energy

Minimize Perf. Degradation

Maximize Energy Saving

GPU

EnvPipe

PyTorch NCCL cuDNN

Profiler Freq. PlannerScheduler

HW ControlEngine

DNN Models Hyperparameters

No Accuracy Degradation

11
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Maximize Energy Saving

2. Scheduler

GPU
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Profiler Freq. PlannerScheduler

HW ControlEngine

DNN Models Hyperparameters

No Accuracy Degradation

1. Profiler

3. Freq. Planner
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EnvPipe
Performance-preserving DNN Training Framework for Saving Energy

Minimize Perf. Degradation

Maximize Energy Saving

2. Scheduler

GPU

EnvPipe

PyTorch NCCL cuDNN

Profiler Freq. PlannerScheduler

HW ControlEngine

DNN Models Hyperparameters

No Accuracy Degradation

1. Profiler

3. Freq. Planner

11

Reconfigures to minimize performance degradation

Schedules pipeline units to maximize energy saving

Profiles performance-energy trend for each stage
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• Energy consumption shows valley trend according to SM frequency


‣ Depends on hardware, batch size, and partitioned model 


• Online profiler profiles each pipeline stage to obtain the performance-energy trend

2. Scheduler
3. Freq. Planner
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• Energy consumption shows valley trend according to SM frequency


‣ Depends on hardware, batch size, and partitioned model 


• Online profiler profiles each pipeline stage to obtain the performance-energy trend

2. Scheduler
3. Freq. Planner
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~20% stretch maximum

1. Profiler
Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation
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1. Profiler

2. Scheduler
3. Freq. Planner

1) How to effectively identify usable bubbles?

2) How to maximize utilization of usable bubbles for energy saving? 

• How to schedule pipeline units determines the amount of usable bubbles


Design questions 

13

Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation
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1. Profiler

2. Scheduler
3. Freq. Planner

1) How to effectively identify usable bubbles?
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Forward Pass Backward Pass

Usable Bubble Unusable Bubble Critical Path
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3. Freq. Planner

1) How to effectively identify usable bubbles?
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Usable Bubble Unusable Bubble Critical Path
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Bubbles after critical path are unusable
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1. Profiler

2. Scheduler
3. Freq. Planner

1) How to effectively identify usable bubbles?

14

GPU 2

GPU 3

Forward Pass Backward Pass

Usable Bubble Unusable Bubble Critical Path

4
3

Bubbles after non-performace-critical path are usable

4
Bubbles after critical path are unusable

Stretch pipeline units on non-performance-critical path 

Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation
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2) How to maximize utilization of usable bubbles? 
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2) How to maximize utilization of usable bubbles? 
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• Stretching all pipeline units inside the envelope leads to performance degradation 


• To avoid performance degradation, SM frequency should be reconfigured
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How much reconfiguration? 

‣Critical path should be outer envelope to minimize performance degradation

‣ Increasing SM frequency too much will reduce energy saving
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Reconfigure just the right amount to maximize energy saving

How much reconfiguration? 

‣Critical path should be outer envelope to minimize performance degradation

‣ Increasing SM frequency too much will reduce energy saving

Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation



/ 30

1. Profiler
2. Scheduler

3. Freq. Planner

19

Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation



/ 30

1. Profiler
2. Scheduler

3. Freq. Planner

19
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1) Executes single pipeline step 

2) Finds changed critical path 

3) Reconfigures SM frequency on the critical path in small steps 
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How to find critical path?
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EnvPipe
Performance-preserving DNN Training Framework for Saving Energy

2. Scheduler

1. Profiler

3. Freq. Planner

25

Minimize Perf. Degradation

Maximize Energy Saving
No Accuracy Degradation

Reconfigures to minimize performance degradation

Schedules pipeline units to maximize energy saving

Profiles performance-energy trend for each stage
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No Accuracy Degradation

Evaluation: Single-Node

26

•Single AWS P3.8xLarge with 4 V100 GPUs


•Baseline: run all GPUs with maximum frequency

Minimize Perf. Degradation

Maximize Energy Saving
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Evaluation: Multi-Node
• Two AWS P3.16xLarge instances each with 8 V100 GPUs


•Connected with 25Gbps network 

Train with various parallelism dimensions of DP+PP for Megatron-1.3B 
28
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Up to 28.4% energy saving Performance degradation less than 1% 
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Conclusion

Goal DNN training framework for energy saving without degrading 
performance or accuracy by leveraging bubbles in pipeline parallelism

Approach
1. Fine-grained online profiler 
2. Scheduler to maximize usable bubbles  
3. Frequency planner to minimize performance degradation

Result
EnvPipe: Performance-preserving energy-saving DNN training framework 

maximum energy saving up to  

with all cases                             performance degradation

30

less than 1% 
28.4% 


