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Before we start … 

This course is for you …

I will go fairly fast over the material 

– Be free to interrupt me anytime. This course is for you, remember? ;-) 

– I am in a full-screen mode: I do not see chat  Speak-up 

Each a coupe of slides I will ask for your questions and comments 

– Silence means

 Everything is super clear <OR> You could not care less about the topic 

 Either way I will keep moving 

I can provide you the slides 

– If you are interested in the topic, I would recommend you to check the pointers
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Heterogeneous memory systems 

Why? 

What is a problem that you want to solve? 

– Memory wall 

– Memory latency 

– Memory capacity 

– Memory bandwidth 

– Memory cost

– Memory power/energy 

– End of DRAM scaling 

– DRAM refresh 

– DRAM volatility (non-persistency)

– Resilience  

– …  

Does the problem exist? 

– Can we quantify it? 
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Problem: Memory cost 

Cost of the HPC server

Cost of the HPC DIMM

Σ DIMMs@Server [€] / Server[€] = ? 

– 17% in our calculations (an example)

Σ Server[€] / Total system [€] = 40 / 50 / 60 / 70% ? 

– Building, interconnect, storage, cooling, power supply, sys admins, etc.
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Solving the memory cost problem

Your favorite proposal: 
“… decrease the cost of the memory system by 20% … ”

“ .. while the performance loss is between 1% and 2%…”

Decrease of the total cost of ownership

20%   “… decrease the cost of the memory system by 20% … ”
* 17%    DIMMs/Server cost 
* 50%    Servers/Rest of the system

 1.7%

And the investment to reprogram all the workloads, OS, runtime?
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Memory cost @ ExaScale

“… 50% of the overall system cost …”

How did they compute this? 

Assumptions? 

What is “ExaScale”? 

– 1EFLOP (Running what? HPL?)

– Performance of current systems x1000

– “Democratization” of the HPC

• HPC @ Cloud

• HPC @ SMEs

• HPC @ Hospitals

Problem statement 

time
Last year              today               today x10              ExaScale

Ok                          ?  

Can we 

quantify the 

problem? 
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Beware of extrapolation
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Problem statement: Take care! 

Supporting a statement with a citation is not difficult

– Think about the context

Looking into future: Beware of … 

– Assumption 

– Extrapolations

Your problem

Citation

Your problem

Citation

?  
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Problem: Memory power/energy

Analogous to the cost 

– Σ DIMMs@Server [Watts] / Server[Watts] = ? 

– Σ Server[Watts] / Total system [Watts] = 40 / 50 / 60 / 70% ? 

• Building, interconnect, storage, cooling, power supply, sys admins, etc.

• … 
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Memory wall

Memory wall refers to: 
– Memory latency 

– Memory capacity 

– Memory bandwidth 

– Memory cost

– Memory power/energy 

– End of DRAM scaling 

– DRAM refresh 

– DRAM volatility (non-persistency)

– Resilience

– …  

– All the above?
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Memory wall

Assignment: 

Read this paper.

READ IT CAREFULLY

Wm. A. Wulf and S. A. McKee. Hitting the memory wall: Implications of the obvious. Computer 

architecture news, 1995.
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Do high-bandwidth memories (HBM, MCDRAM, HMC) 
break through the memory wall? 

Plug & Play  All your problems solved
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Puzzle

Memory wall: 

– Perf = 𝑓(memory latency) 

HBMs will increase memory bandwidth 

Something is missing

– Performance = 𝑓(memory bandwidth, memory latency)
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Performance = 𝑓(bandwidth)

Chocolate factory 

– Chocolate = cocoa (100% dark chocolate)

– The machines can process Gazillion kg of cocoa/chocolate per day 

– The cocoa powder bandwidth limits your performance

Cocoa powder

Chocolate factory:

Gazillion kg of cocoa per day

50kg per day

Performance: Chocolate per day?
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Performance = 𝑓(bandwidth)

Back to the computer science 

– CPU can perform Gazillion FP operations per cycle (CPU cycle)

– Memory bandwidth: 8 bytes per CPU cycle 

– Memory bandwidth may limit your performance

Memory

CPU:

Gazillion FLOPs per cycle

8 bytes per cycle

Performance: FLOPs per cycle?



Operational intensity [ ] = 
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Roofline model
Characterization of applications

Operational intensity

– Ratio between application’s stress to CPU and stress to memory 

* Flops: Floating point operations

Performance [        ]
Flops

Second

Memory bandwidth [        ]Bytes

Second

Flops
Byte

Intuition behind operational intensity
– Low Operational Intensity 

• Small computation per amount of data  Stress to memory

– High Operational Intensity 

• Significant computation per amount of data  Stress to CPU

Williams et al., Roofline: an insightful visual performance model for multicore 

architectures. Commun. ACM 52, 4, April 2009. 
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Roofline model
Characterization of architecture (HW)

Roofline model plots 

Max possible performance = f (Operational intensity)

Operational Intensity 

[      ]
Byte 

Flops

Performance

[       ]
Second 

Flops

Flops_roof     

Performance of a given architecture (HW) limited by:

– Compute units: Flops_roof

– Memory bandwidth: mem_bw_roof

Maximum possible performance (“roof ”)     
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Roofline model
Characterization of application and architecture

– Application A 

• Low operational intensity: Small amount of computation per amount of data

• Performance limited by mem_bw_roof (memory bandwidth and latency)

– Application B

• High operational intensity: Significant computation per amount of data

• Performance limited by Flops_roof (CPU, execution units)

– Summary: Roofline model provides more insights about

• Architecture: mem_bw_roof and Flops_roof

• Applications: Performance is limited by mem_bw_roof or Flops_roof 

Operational Intensity 

[      ]
Byte 

Flops

Performance

[       ]
Second 

Flops

Flops_roof     

Application A

Application B
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Flops and Bytes and vice versa 

HPC applications and platforms today (yesterday?)

Radulovic et. al., Mainstream vs. Emerging HPC: Metrics, Trade-offs and Lessons Learned.

SBAC-PAD, 2018.
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Performance = 𝑓(bandwidth)

Reminder

– Memory wall: 

• Perf = 𝑓(memory latency) 

– HBMs will increase memory bandwidth 

One more piece of the puzzle

– Memory latency = 𝑓(used bandwidth)

B. L. Jacob. The memory system: You can’t avoid it, you can’t ignore it, you can’t fake it.

Synthesis Lectures on Computer Architecture, 2009.
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Performance = 𝑓(bandwidth)

One more piece of the puzzle

– Memory latency = 𝑓(used bandwidth)
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What will change from DDRx to HBMs?

Significant latency (performance) improvements only if the 

workloads use significant portion of memory bandwidth

DDRx vs. HBMs idle-system latency ?! 

Radulovic et al,. Another Trip to the Wall: How Much Will Stacked DRAM Benefit HPC?. 

MEMSYS 2015.



23

Knights Landing: DDR4 vs. MCDRAM

The idea

Actual curves
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Knights Landing: DDR4 vs. MCDRAM

Some results
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What about the Optane? 

Experimental platform 

– APASS server:

• Motherboard: Intel S2600WFD (dual socket)

• CPU: 2x Intel Xeon 8260 (Cascade Lake).

– 24 cores. Hyperthreading disabled. 

– Base frequency: 2.4 GHz

– 6 memory channels

– Memory:

» DDR4 Kingston 8GB 9965690-002.A00G @ 2666 MT/s

» Optane Intel 128GB NMA1XXD128GPS @ 2666 MT/s
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Bandwidth-latency curves: DDR4-2666 & Optane

App direct mode (user decides where the data is)



27

SPEC benchmarks: DDR4Optane

• Significant performance difference DDR4 vs. Optane

– 3.7x on average 

– Up to 9.8x  (lbm benchmark)
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What will change in the Memory mode? 
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Take out

Performance = 𝑓(memory bandwidth, memory latency)? 

Case 1: Chocolate factory 

Case 2: Driving to work 

Cocoa powder

Chocolate factory:

Gazillion kg of cocoa per day

50kg per day

Performance: Chocolate per day?
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Take out /2

Heterogeneous memory systems
– Why? 

– Can you quantify the problem (e.g., cost)? 

Puzzle 
– Memory wall: 

• Performance = 𝑓(memory latency) 

– HBMs increases the available memory bandwidth 

• Something is missing

– Performance = 𝑓(memory bandwidth, memory latency)? 

– Optane

• Higher latency, lower bandwidth, higher capacity 

– Any performance gain has to come from the higher memory capacity 

– But this is another story: 
Darko Zivanovic et al., Large-Memory Nodes for Energy Efficient High-
Performance Computing. MEMSYS, 2016. The best paper award.
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Hands-on
DDR4 vs. Optane &  App direct mode vs. Memory mode 
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Thank you!

For further information please contact

petar.radojkovic@bsc.es
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