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The TransprecisionComputing Paradigm

Traditional computing systems and applications

Á Conservative assumption: each calculation must be accurate

Á Hardware must 100% accurate

Á Computation is more and more limited by power wall

Ý Shift from traditional computing paradigms becomes mandatory

Transprecisioncompute paradigm

Á Spend just the right amount of energyrequired for a particular operation

Á Just enough precision, i.e. dynamic adoption to less precise arithmetic and 
even embrace errors incurred by underpowered or new circuit technologies

Á Off-load computationto low power HW units

Focus in this talk on Memory 
(DRAMs)



Flooding of Data

New computing paradigms Ý near-memory, in-memory computing
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Memory Technologies

Á Different memory types

Á Different storage mechanisms



Memory Properties

Á Trade-offs: capacity, latency, reliability



Memory Hierarchy in Computing

Source: Western Digital

Á Capacity, latency, cost

STT/RRAM
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Importance Memory
e.g. Google Tensor ASIC

ASIC in use in data centers since 2015

Á 65.536 8-bit MAC matrix multiply units -> 92 TeraOps/second



Roof Line Model Googles Tensor ASIC

4 out of 6 NNs are memory

bandwidth limited

Flop/s = min { peak Flop/s, DRAM_bandwidth* (Flop/s) / DRAM_byte_access}



Importance Memory e.g. Autonomous Driving

Á Bandwidth ADAS autonomous level 4 & 5 : 400 ï1024 GB/s

Á Memory Capacity autonomous level 4 & 5 : 18 ï24 GB

Á Reliability: temperature 105 C̄ ï125 C̄

Á Mixed criticality system: guaranteed latency

Á Security e.g. row hammer 

Driving Into the Memory Wall: The Role of Memory for Advanced 
Driver Assistance Systems and Autonomous Driving
M. Jung, S. A. McKee, C. Sudarshan, C. Dropmann, C. Weis, N. Wehn. 
ACM International Symposium on Memory Systems (MEMSYS 2018), 
October, 2018, Washington, DC, USA.

https://ems.eit.uni-kl.de/mitarbeiter/matthias-jung/
https://ems.eit.uni-kl.de/mitarbeiter/chirag-sudarshan/
https://ems.eit.uni-kl.de/mitarbeiter/christoph-dropmann/
https://ems.eit.uni-kl.de/mitarbeiter/christian-weis/
https://ems.eit.uni-kl.de/mitarbeiter/norbert-wehn/
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Energy Cost Computing @ 45nm

45nm, 0.9V, Horowitz ISSCC 2014



Energy Cost Computing @ 28nm

Source: Nvidia



Source Subhasish Mitra

Memory Energy Contribution

Relative energy cost

Á SRAM vs. compute ~ 10x ï100x

Á DRAM vs compute ~ 500x

Á Flash vs. compute ~ 1000x



Processor/DRAM Frequency Evolution

P=1 P=2 P=4 P=8  

Multi-Core-Era



Processor Performance Evolution

Source: Hennessy, Patterson

Frequency

Power

Application

1980



DRAM Performance Evolution

Source: K. Chang



DRAM Chip Failures

Analysis of dozens high-performance computing clusters

Á 300 terabyte-years of DRAM usage

Á System failures: not software problems, but more than 60% of machine outage 
results from hardware issues

Á Most common hardware problem was faulty DRAM

DRAM: permanent errors, soft errors, retention errors

Á Redundancy, ECC, refresh

IEEE Spectrum Nov. 2015
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03.04.2017

Matthias Jung
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DRAM: Invented by Robert H. 
Dennard in 1966 

1970

1024 bit

Ferrite core memory



The DRAM Cell ïA simple Model

Á Data is stored by capacity

Á Cell is selected with access transistor

Á Charged capacitor represents a ó1ô

Á Discharged capacitor represents a ó0ô

Á Memory is volatile

Á Cell is leaky: refresh needed

Access Transistor

Wordline
B

it
lin

e Storage 
Capacitor

ó0ôó1ô

VDD / 2



DRAMs Operations

DRAM Commands

Activate (ACT)

ÁOnly one row / bank

ÁBank parallelism

Read (RD)

Write (WR)

Precharge(PRE)

ÁRow miss

PrechargeAll (PREA)

Refresh (REFA)
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Columns

DRAM composed of banks/rows/columns 



The DRAM Device

DRAM commands 

Á Read, Write 

Á Precharge, Activate

Á Refresh

True cell

Anti cell



DRAM Device Operations

DRAM Commands

Á ACT: Activates a specific row in a specific bank (sensing into PSA) tRCD

Á RD: Read from activated row ( prefetch from PSA to SSA and burst out) tCL + tBURST

Á PRE: Prechargesset LWL=0 set LBL=VDD/2 tRP

Á REFA: DRAM cells are leaky and have to be refreshed tREFI & tREF

B0

PSAs

é

é é

SSAs
(e.g. 8B)

e.g. 1kB

B2 B4 B6

B1 B3 B5 B7

x8



Samsungs8Gb 20nm DDR4 Die
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Isometric DRAM Technology View
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BEOL (Contacts + 1-2 Metals)

DRAM Cell Capacitor

FEOL (Transistors + 1st Metal)



Evolution in DRAM Generations
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Buried wordlines

Bitline

Cells

Cell plate

65 nm Burried Wordline

Active

WL

Active

WL

Iso

WL

Bitline
(behind

screen) CC CC

Lower part of cells

source: Qimonda

Cell contact

~ 1mm

1Gbit



Design and Technology Trends
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DRAM Die Size & Density Trend

31

source: Qimonda

Increase in density per package 
by a factor of 32 in 5 years

Increase in system density
by a factor of 100 in 5 years



JEDEC Standard: e.g. Timing Dependencies

Timing dependencies must be fulfilled by the DRAM controller



DRAM Subsystem Evolution



DRAM Subsystem Performance



DetailedDRAM EnergyDistribution 

Á DRAM Power Breakdown for Twitter MemcachedApplication* 

Á 2GB DDR3

(*) A High -Level DRAM Timing, Power and Area Exploration Tool, O. Naji, A. Hansson, C. Weis, M. Jung, N. Wehn
IEEE International Conference on Embedded Computer Systems Architectures Modeling and Simulation (SAMOS), July 2015



DRAM in TransprecisionComputing

Minimize energy/DRAM access

Reduced precision implies

Á Reduced DRAM power/energy/latency, increased DRAM bandwidth

Minimize Refresh

Á Impacts energy, latency and reliability

ÁTemperature aware refresh, bank wise refresh, optimized row-granular 
refresh, approximate DRAM

ÁECC

Minimize row misses (Activate, Precharge)

Á Impacts latency, bandwidth, energy

ÁScheduling in memory controller

ÁAddress mapping

Sophisticated power-down modes

Near-Memory or In-Memory Computing
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Refresh/TemperatureChallenge

Exponential temperature/leakage current behavior Ą shorter refresh periods
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Refresh/TemperatureChallenge
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Refresh Performance Impact

J. Liu, et al. RAIDR: Retention-Aware Intelligent DRAM Refresh, ISCA 2012

I. Bhati, et al. DRAM Refresh Mechanisms, Trade-offs and Penalties, IEEE Trans. 2015

Paul Rosenfeld (IBM Server on display at Supercomputing)

4 TB DDR3 DRAM
Stand-by 300W



Retention Errors

1. Drain Leakage

2. Sub-Threshold leakage

3. Cell Capacitor Leakage

Cross-Talk/Coupling

Á Bitline to bitline

Á Wordline to wordline

Á Wordline to bitline

Á Bitline to cell

Challenge

Á Characterization of retention error behavior of DRAMs

Á Vendor: over pessimistic

VDD/2



Refresh Optimizations

Following optimizations will be addressed:

Á Temperature-aware Fine-granular Refresh 
Á e.g. per bank/per layer

Á Approximate DRAM 
Á disable or reduce Refresh-rate

Á Optimized Row-Granular Refresh (ORGR) 
Á not relying on Auto -refresh



DRAMs in 3D at{ƻ/Ψǎ

Memory bandwidth/energy bottleneck Ý Wide I/O DRAM, HBM, HMC

E.g. WIOMING 3D Magali (LETI): baseband processing, accelerators, CPUs, DRAM

Á 65nm, 72mm2, 1250 TSV, heaters/sensors

Wide I/O DRAM (50nm):
256Mb, 512 I/ Os, 1Gb, 4 Channels,
SDR@200MHz, 12.8 GBps

WIDE I/O Memory

MPSoC

Package



3D-DRAM Retention Error Model

Measurements@WIOMING

On-chip heatersandsensors

Different refresh periods

Test a: Disable refresh for 1s

Test b: 128ms ς202ms

Different temperatures

80ϲC ς104ϲC

Different data patterns

лȄCCΧCCΣ лȄ!!Χ!!Σ лȄррΦΦррΣ ǊŀƴŘƻƳ

Test

Test



3D-DRAM Retention Error Model

Unique 
bit error
at 90°C

Variable Retention Times (VRT)



3D-DRAM Retention Error Model

Data Pattern Dependency (DPD)



3D-DRAM Retention Error Model

Retention 
Error Model

Calibration
from Measurements

Current
Temperature

DRAM
Commands

(e.g. tREFI)

# Retention
Errors

Á Modelling of Data Pattern Dependency

Á Modelling of Variable Retention Times



Simulation Flow 3D at{ƻ/Ωǎ

System Behavior
& Retention Error 

Modeling

Cores:         DRAM:          

Power Analysis

DRAM:

Thermal Analysis

Refresh vs. Errors vs. 
Power vs. Performance

Impact on the 
Application



Refresh in StackedMPSoC

Á Temperature = 100ϲC: refresh period every 8 ms

Á Refresh command issued every: 488ns

Á Refresh duration: 130ns

25 % of time spend in refresh

t

REF REF REF REF



Temperature-Aware BankwiseRefresh

Using Temperature -aware
Refresh in the DRAM stack

Different refresh rates on 
different dice , according to 
the their temperatures 
(individual for each die)
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Average

M. Sadri, M. Jung, C. Weis, N. Wehn and L. Benini, "Energy optimization in 3D MPSoCswith Wide-I/O DRAM using temperature variation aware 
bank-wise refresh, DATEô14



ApproximateDRAM

Switch Off Refresh

Á If data lifetime is smaller than 
required refresh period

Á If data lifetime is larger than 
required refresh period AND 
application has some 
robustness w.r.t. errors

Conservative Datasheet 
Refresh Period Guardband

(i.e. 64ms)

Required Refresh Period
based on measurements

(First errors happen after e.g. 1s)

Data Lifetime

Working Point

Required
Application
Robustness

Lowering the refresh-rate or completely switching off refresh

Á Consider DRAM device as a stochastic model that includes process variations

Trap assistedGIDL 

Frame-buffer

(GPUs)



Cross Layer Refresh Policy

Separation of DRAM Stack into unreliable and reliable regions

Á Unreliable region: bottom DRAM layer with disabled refresh

Á Reliable regions: higher DRAM layers with temperature aware refresh

Á Access unreliable region while reliable region is refreshed

Data stored on unreliable layers

Á Data lifetime < refresh period

Á Applications with inherent error resilience

Investigated different applications 

Á Baseband processing (LDPC)

Á Graph processing/Link assessment

Á Image processing

Ý Saves 100% refresh power/layer

Ý Increases bandwidth
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Simulation results

Matthias Jung, Éder Zulian, Deepak M. Mathew, Matthias Herrmann, Christian Brugger, Christian Weis, and Norbert Wehn. 2015. Omitting Refresh: 
A Case Study for Commodity and Wide I/O DRAMs MEMSYS '15



Commodity DRAMs - Measurement Platform

Á Precise control of temperature (heating and cooling) of DRAM SO-DIMMs with JEDEC 

conform adapter

Á Temperature range: 25-90 C̄, accuracy +/-2 C̄

Á Precise current measuring for Vdd (1.2V), VPP (2.5V) domain, +/ -0.5mA accuracy

Á Interface frequency up to 1.2 GHz


