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The fundamental problem with Wires (and data movement): 
Moore’s Law undermined by data movement (when smaller is not better)

• Energy Efficiency of copper wire:
– Power = Frequency* Length / cross-section-area

– Wire efficiency does not improve as feature size shrinks

• Energy Efficiency of a Transistor:
– Power = V2 * frequency * Capacitance
– Capacitance ~= Area of Transistor
– Transistor efficiency improves as you shrink it

• Net result is that moving data on wires is starting to cost 
more energy than computing on said data  

• (see also Silicon Photonics)
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PIPES:  Photonics in the Package for Extreme Scalability
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I/O power exceeds 300 W

What’s the problem?  I/O bandwidth & power limits

highest-performance CPU, FPGA, GPU, ASIC

NVIDIA Tesla V100
GPU accelerator

5120 cores
125 teraflops, 300 W, $5K

in-package

NVIDIA DGX-2
Enterprise AI

16 GPUs
2 petaflops, 10 kW, $400K

board-level

IBM Summit
Top supercomputer
36,864 GPUs & CPUs

200 petaflops, 13 MW, $300M

system-level

Images courtesy of 
NVIDIA and IBM
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Attacking the data movement bottleneck across microelectronics applications

Gordon Keeler
DARPA



lengthscales

timescales

thermal 
design

Demand for Computing Supply for Computing

Explosion of Computing Demand: Driving Need for Hyper-exponential 
Improvement in Performance, Energy Efficiency and Integration



• NVIDIA A100 has a 250W 
TDP

• NVIDIA H100 SXM 
consumes 700W TDP

• Next Generation B100 is 
projected to consume 
1400-2000W TDP!       
(>100% increase)

• Street price $20k-$30k
– That’s an 800% profit
– Prices lower @ volume

• And still supply cannot 
keep up with demand

NVIDIAnomics
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Google Sustainability Page in Late 2023
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What a difference a year makes!
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AI Energy Consumption On Pace to Surpass Supply
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This is HPCs future if we continue business as usual!
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… and scale alone is just power and capital cost…
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Example: Kilometer Scale Climate Modeling
 Warning: Power alone is not a scientific imperative

• Landmark 3.5KM Simulation on Frontier 
(exascale) achieved 1.5 simulated years per 
day performance. 

• At that rate, for an ensemble calculation it 
would take ~20 years of dedicated 
computing to answer important policy 
questions necessary to achieve 2055 goals. 

• (and that is just for one policy scenario!!!)
• Even if we wait for HPC performance 

improvements, projected 1km modeling goal 
will be achievable in 2055 at the current rate 
of progress

• This is NOT an acceptable future when there 
are important scientific imperatives that have 
global societal consequences…

1
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Global Climate Computer Summit
https://climatecomputer.ncsa.illinois.edu/

~25 KM (state of art) ~1.25 KM (cloud resolving)



Algorithm-Driven Codesign of Specialized Architectures for 
Energy-Efficient HPC

NASEM study on post-Exascale 
computing “We must expand (and 
create where necessary) integrated 
teams that identify the key 
algorithmic and data access motifs 
in its applications and begin 
collaborative ab-initio hardware 
development of supporting 
accelerators,... a first principles 
approach that considers alternative 
mathematical models to account 
for the limitations of weak scaling.”

“Business as usual” is failing

This is a call for co-design at a much deeper level than we are currently realizing



Specialization: 
Natures way of Extracting More Performance in Resource Limited Environment
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Powerful General Purpose Many Lighter Weight
(post-Dennard scarcity)

Many Different Specialized
(Post-Moore Scarcity)

Xeon, Power KNL AMD, Cavium/Marvell, GPU Apple, Google, Amazon,
Microsoft Azure



Leiserson/Thompson: Economics of Post-Moore Electronics
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COMPUTER SCIENCE

There’s plenty of room at the Top: What will drive
computer performance after Moore’s law?
Charles E. Leiserson, Neil C. Thompson*, Joel S. Emer, Bradley C. Kuszmaul, Butler W. Lampson,
Daniel Sanchez, Tao B. Schardl

BACKGROUND: Improvements in computing
power can claim a large share of the credit for
many of the things that we take for granted
in our modern lives: cellphones that are more
powerful than room-sized computers from
25 years ago, internet access for nearly half
the world, and drug discoveries enabled by
powerful supercomputers. Society has come
to rely on computers whose performance in-
creases exponentially over time.
Much of the improvement in computer per-

formance comes from decades of miniatur-
ization of computer components, a trend that
was foreseen by the Nobel Prize–winning phys-
icist Richard Feynman in his 1959 address,
“There’s Plenty of Room at the Bottom,” to
the American Physical Society. In 1975, Intel
founder Gordon Moore predicted the regu-
larity of this miniaturization trend, now called
Moore’s law, which, until recently, doubled the
number of transistors on computer chips every
2 years.
Unfortunately, semiconductorminiaturiza-

tion is running out of steam as a viable way
to grow computer performance—there isn’t
much more room at the “Bottom.” If growth

in computing power stalls, practically all in-
dustries will face challenges to their produc-
tivity. Nevertheless, opportunities for growth
in computing performance will still be avail-
able, especially at the “Top” of the computing-
technology stack: software, algorithms, and
hardware architecture.

ADVANCES: Software can be made more effi-
cient by performance engineering: restructur-
ing software to make it run faster. Performance
engineering can remove inefficiencies in pro-
grams, known as software bloat, arising from
traditional software-development strategies
that aim to minimize an application’s devel-
opment time rather than the time it takes to
run. Performance engineering can also tailor
software to the hardware on which it runs,
for example, to take advantage of parallel pro-
cessors and vector units.
Algorithms offer more-efficient ways to solve

problems. Indeed, since the late 1970s, the time
to solve the maximum-flow problem improved
nearly as much from algorithmic advances
as from hardware speedups. But progress on
a given algorithmic problem occurs unevenly

and sporadically and must ultimately face di-
minishing returns. As such, we see the big-
gest benefits coming from algorithms for new
problem domains (e.g., machine learning) and
from developing new theoretical machine
models that better reflect emerging hardware.

Hardwarearchitectures
can be streamlined—for
instance, through proces-
sor simplification, where
a complex processing core
is replaced with a simpler
core that requires fewer

transistors. The freed-up transistor budget can
then be redeployed in otherways—for example,
by increasing the number of processor cores
running in parallel, which can lead to large
efficiency gains for problems that can exploit
parallelism. Another form of streamlining is
domain specialization, where hardware is cus-
tomized for a particular application domain.
This type of specialization jettisons processor
functionality that is not needed for the domain.
It can also allow more customization to the
specific characteristics of the domain, for in-
stance, by decreasing floating-point precision
for machine-learning applications.
In the post-Moore era, performance im-

provements from software, algorithms, and
hardware architecture will increasingly re-
quire concurrent changes across other levels
of the stack. These changes will be easier to im-
plement, from engineering-management and
economic points of view, if they occur within
big system components: reusable softwarewith
typically more than a million lines of code or
hardware of comparable complexity. When a
single organization or company controls a big
component, modularity can be more easily re-
engineered to obtain performance gains. More-
over, costs and benefits can be pooled so that
important but costly changes in one part of
the big component can be justified by benefits
elsewhere in the same component.

OUTLOOK: Asminiaturizationwanes, the silicon-
fabrication improvements at the Bottom will
no longer provide the predictable, broad-based
gains in computer performance that society has
enjoyed for more than 50 years. Software per-
formance engineering, development of algo-
rithms, and hardware streamlining at the
Top can continue to make computer applica-
tions faster in the post-Moore era. Unlike the
historical gains at the Bottom, however, gains
at the Top will be opportunistic, uneven, and
sporadic. Moreover, they will be subject to
diminishing returns as specific computations
become better explored.▪

RESEARCH
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The Top

The BottomThe BottomThe Bottom
for example, semiconductor technology

Software performance 
engineering

New algorithms Hardware streamlining

Removing software bloat

Tailoring software to 
hardware features

New problem domains

New machine models

Processor simpli!cation

Domain specialization

Software Algorithms Hardware architecture

Technology

Opportunity

Examples

Performance gains after Moore’s law ends. In the post-Moore era, improvements in computing power will
increasingly come from technologies at the “Top” of the computing stack, not from those at the “Bottom”,
reversing the historical trend.C
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Read the full article
at https://dx.doi.
org/10.1126/
science.aam9744
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Papers
1. The Economic Impact of Moore’s Law
2. There’s Plenty of Room at the Top: What will drive computer 

performance after Moore’s Law?
3. The Decline of Computers as a General Purpose Technology
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Figure 19.  Hardware Reinvigoration.  Source: Cliff Young, Google Research [11] 
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Figure 20.  Integration with a Transistor Focus [11] 
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Figure 21.  Integration with a System Focus [11] 
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Architecture Specialization for Science
(hardware is design around the algorithms) can’t design effective hardware without math

Materials
Density Functional 

Theory (DFT)
Use O(n) algorithm
Dominated by FFTs

Smart Sensors
CryoEM detector

750 GB / sec
Custom compute 

near detector

Genomics
String matching

Hashing
2-8bit (ACTG)

PDEs on Block 
Struct. Grids

3D integration
Petascale chip

1024-layers
Analogous Computing
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Technology Insertion into Mainstream Platforms
AMD, Intel, Arm offer integration path for 3rd party accelerator “chiplets”

http://chiplets.lbl.gov/

http://chiplets.lbl.gov/


2024 JEDEC and OCP Standards for Chiplet Design with 3DIC Packaging Workshop

More Efficient Chiplet Development and Integration Path
 Platform for open development with path into commercial platform

1
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Accelerator

Vector CPU Chiplet 
(13 cores)

Vector CPU Chiplet 
(13 cores)

NOC to HBM Mem 
Ctl. Chiplet

NOC to HBM Mem 
Ctl. Chiplet

NOC to HBM Mem 
Ctl. Chiplet

Prototype on Modular
Architecture for function and 

performance integration



Analogous Computing

Analog Computing

Definition: Analog computing refers 
to a type of computation that uses 
continuously variable physical 
quantities to represent and solve 
problems. Instead of using discrete 
binary values (0s and 1s) like in 
digital computing, analog computers 
work with continuous data.

Analogous Computing

Definition: Analogous computing 
looks at how one system can mimic 
the behavior of another in terms of 
how problems are addressed. This 
can be algorithmic, physical, and even 
structural/topological analogies! For 
example, neuromorphic computing 
that mimics biological process is a 
form of analogous computing. 

Build systems that are analogous to the problem they are solving

Fundamental efficiency benefits can be realized by embracing the structure of the physics being solved
 For example using quantum computing to create “artificial atoms” to solve for ground state of atom. 



DOE’s Rich History of Analogous Computing for Science
 Monte Carlo Method at LANL using FERMIAC

19

FERMIAC analogous machine for Neutronics Calculations

Stanislaw Ulam, Von Neumann, Frankel
And Metropolis
At LANL 1941

Not saying we go back to Monte Carlo robots with pencils,
 but it is an interesting way to think about building energy efficient computing



Analogous Computing: Simulating Colliding Galaxies with Light Bulbs
 Note: Not suggesting that we go back to light-bulb computing.  But it is pretty cool for 1939!

20Again, the message here is not to use light-bulbs for computing… It is about the way of thinking about computation

Michael L. Norman, Peter H. Beckman, Greg L. Bryan, John Dubinski, 
Dennis Gannon, Lars Hernquist, Kate Keahey, Jeremiah P. Ostriker, 
John Shalf, Joel Welling, Shelby X. Yang: “Galaxies Collied on the iWay”
Supercomputing 1995



High-end simulation in the physical  sciences = 7 numerical methods:

1. Structured Grids 
2. Unstructured Grids
3. Fast Fourier Transform
4. Dense Linear Algebra
5. Sparse Linear Algebra 
6. Particles
7. Monte Carlo

Phil Colella’s 7 Dwarfs of Scientific Computing

Slide from “Defining Software Requirements for Scientific Computing”, Phillip Colella, 2004
Also in “The Landscape of Parallel Computing Architecture: A view from Berkeley” 2008

http://www2.eecs.berkeley.edu/Pubs/TechRpts/2006/EECS-2006-183.pdf 

Exploit the mathematical structure of the problem
 design principle for ”analogous” computing

http://www2.eecs.berkeley.edu/Pubs/TechRpts/2006/EECS-2006-183.pdf


PDE Solvers on Block Structured Grid
”Solid State Digital Fluid” digital analogous computing concept

PDE Element 2D Slice 3D problem domain
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f n+1
i,j,k = 2f n

i,j,k - f n-1
i,j,k

+ Dt2/Dx2(f n
i+1,j,k -2 f n

i,j,k + f n
i-1,j,k ) 

+ Dt2/Dy2(f n
i,j+1,k -2 f n

i,j,k + f n
i,j-1,k )

+ Dt2/Dz2(f n
i,j,k+1 -2 f n

i,j,k + f n
i,j,k-1 )

Discretized	PDE	Representation	in	DSL
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Concept: Solid State Virtual Fluid for CFD, PIC and QMC
Lawrence Berkeley National Laboratory, John Shalf
Stanford University, Subashish Mitra

DARPA-BAA-16-38 ACCESS 
Attachment 1 – Proposal Concept

Source Selection Information – see FAR 2.101 & 3.104
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PDEcell /	PICcell:		Ultra-simple	compute	
engine	 (50k	gates)	calculates	finite-
difference	updates,	and	particle	forces	from	
neighbors.	 	Microinstructions	 specify	the	
PDE	equation,	 stencil,	and	PIC	operators.
Novel	features:	variable	length	streaming	
integer	arithmetic	and	novel	PIC	particle	
virtualization	scheme.

Computational	Lattice:	
PDECells are	tiles	in	a	
lattice/array	on	each	2D	
planar	chip	layer.		Target	
120x120	tiles	per	mm2

@28nm	lithography.	 	Novel	
Features:	each	tile	represents	
single	cell	of	 computational	
domain	 (pushes	 to	limit	of	
strong-scaling).	

Monolithic	3D	Integration:	Integrate	
layers	of	compute	elements	using	
emerging	monolithic	 3D	chip	
stacking.	
Novel	Features:	1000	layer	stacking	
(20x	more	than	current	practice).		
Area	efficient	inter-layer	connectivity	
and	new	energy	efficient	transistor	
logic	(ncFET).	 		
1	Petaflop	equivalent	performance	 in	
300mm^2	for	<	200Watts.

Scalar	waves	in	3D	are	solutions	of	the	hyperbolic	wave	
equation:		-f,tt +	f,xx +	f,yy +	f,zz =	0	
Initial	value	problem:	given	data	for	f and	its	first	time	
derivativeat	initial	 time,	the	wave	equation	says	how	it	
evolves	with	time

r
time

MicroOp
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1st compute
wave

2nd compute
wave

3rd compute
wave

4th compute
wave

Executes in Wavefronts
R[n+1](0,0,0)	=	0
R[n+1](0,0,0)	+=	2*R[n](0,0,0)
R[n+1](0,0,0)	 -=		R[n-1](0,0,0)
R[n+1](0,0,0)	+=	C	*	R[n+1](+1,0,0)
R[n+1](0,0,0)	 -=	C	*	2	*	R[n](0,0,0)
R[n+1](0,0,0)	+=	C	*	R[n](-1,0,0)
R[n+1](0,0,0)	+=	C	*	R[n+1](0,+1,0)

.	.	.	.

Compiles to MicroOps



LBNL Beyond Moore Microelectronics CoDesign Framework

Materials 
Physics

Junction 
Physics

Device 
Physics

CircuitsSystems

Bulk Material:
~100 Atoms

1 Junction: 
~100k Atoms

1 Device:
~1M Atoms

Circuit/Std. Cell:
10-100 Devices

Processor/System:
~10k-100k Circuits

Recasting as capabilities that span the entire LBNL Complex

Length Scales

Modeling and 
Simulation 
Capabilties

(e.g. Theory)

Synthesize/Prototype

Measure/Metrology
LBNL ASIC
Design Grp.

Chan GroupMet5+/CHiiP

CircuitsSystems MatProjDFTDevice Simulation



Final Thoughts

• Analogous computing is a broader term for exploiting the structure of the 
problem – algorithmically, but also topologically, and even using materials 
that mimic the physics of the problem being solved.

• Analogous Computing unifies why we would use analog, quantum and 
brain-inspired computers to solve specific scientific problem domains
– These are specializations… its not a general purpose
– But that is OK!

• Specialization is inevitable:  The broader industry is adopting it, but HPC is 
resisting.   Attack of the killer micros lesson is “follow the industry trends”

• One last cautionary tale about the danger of focusing too much on lowering 
power consumption (from the photonics community)

2
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Anatomy of a “Value” Metric

Good Stuff

Bad Stuff



Anatomy of a “Value” Metric

Performance

Measured Watt



Anatomy of a “Value” Metric

Performance

Measured Watt

30% of datacenter power goes to network

So max savings by creating perfectly efficient 
(0 pJ/bit) optical interconnect is ONLY 30%! 



Anatomy of a “Value” Metric

Performance

Measured Watt CPU
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GPU TORCPU
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AMNVR
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CPU GPU
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HBM
HBM
HBM
HBM

TORTOR

Training
• 8 connections: Peer GPU 
• 8 links to HBM (weights)
• 8 links: to NVRAM
• 1 links: to CPU (control)

Inference
• 16 links to TOR 

(streaming data)
• 8 links HBM (weights)
• 1 link: CPU

Data Mining
• 6-links: HBM
• 15 links: NVRAM (capacity)
• 4 links: CPU (branchy code)

Graph Analytics
• 16 links HBM
• 8 links TOR
• 1 Link CPU

GPU

TOR

CPU

NVRA
M

HBM

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Training
Inference
Data Mining
Graph
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Increase performance with Disaggregation
And Bandwidth Steering!

Deliver bandwidth and resources to where it is needed
By taking it from where it isn’t

30% of datacenter power goes to network

So max savings by creating a perfectly efficient 
(0 pJ/bit) optical interconnect is ONLY 30%! 

Exploit the unique capabilities to improve both numerator and denominator!
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Why?   Domain specific Architectures driven by hyperscalers
     in response to slowing of Moore’s Law (switch to systems focus for future scaling)

3
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REVIEW SUMMARY
◥

COMPUTER SCIENCE

There’s plenty of room at the Top: What will drive
computer performance after Moore’s law?
Charles E. Leiserson, Neil C. Thompson*, Joel S. Emer, Bradley C. Kuszmaul, Butler W. Lampson,
Daniel Sanchez, Tao B. Schardl

BACKGROUND: Improvements in computing
power can claim a large share of the credit for
many of the things that we take for granted
in our modern lives: cellphones that are more
powerful than room-sized computers from
25 years ago, internet access for nearly half
the world, and drug discoveries enabled by
powerful supercomputers. Society has come
to rely on computers whose performance in-
creases exponentially over time.
Much of the improvement in computer per-

formance comes from decades of miniatur-
ization of computer components, a trend that
was foreseen by the Nobel Prize–winning phys-
icist Richard Feynman in his 1959 address,
“There’s Plenty of Room at the Bottom,” to
the American Physical Society. In 1975, Intel
founder Gordon Moore predicted the regu-
larity of this miniaturization trend, now called
Moore’s law, which, until recently, doubled the
number of transistors on computer chips every
2 years.
Unfortunately, semiconductorminiaturiza-

tion is running out of steam as a viable way
to grow computer performance—there isn’t
much more room at the “Bottom.” If growth

in computing power stalls, practically all in-
dustries will face challenges to their produc-
tivity. Nevertheless, opportunities for growth
in computing performance will still be avail-
able, especially at the “Top” of the computing-
technology stack: software, algorithms, and
hardware architecture.

ADVANCES: Software can be made more effi-
cient by performance engineering: restructur-
ing software to make it run faster. Performance
engineering can remove inefficiencies in pro-
grams, known as software bloat, arising from
traditional software-development strategies
that aim to minimize an application’s devel-
opment time rather than the time it takes to
run. Performance engineering can also tailor
software to the hardware on which it runs,
for example, to take advantage of parallel pro-
cessors and vector units.
Algorithms offer more-efficient ways to solve

problems. Indeed, since the late 1970s, the time
to solve the maximum-flow problem improved
nearly as much from algorithmic advances
as from hardware speedups. But progress on
a given algorithmic problem occurs unevenly

and sporadically and must ultimately face di-
minishing returns. As such, we see the big-
gest benefits coming from algorithms for new
problem domains (e.g., machine learning) and
from developing new theoretical machine
models that better reflect emerging hardware.

Hardwarearchitectures
can be streamlined—for
instance, through proces-
sor simplification, where
a complex processing core
is replaced with a simpler
core that requires fewer

transistors. The freed-up transistor budget can
then be redeployed in otherways—for example,
by increasing the number of processor cores
running in parallel, which can lead to large
efficiency gains for problems that can exploit
parallelism. Another form of streamlining is
domain specialization, where hardware is cus-
tomized for a particular application domain.
This type of specialization jettisons processor
functionality that is not needed for the domain.
It can also allow more customization to the
specific characteristics of the domain, for in-
stance, by decreasing floating-point precision
for machine-learning applications.
In the post-Moore era, performance im-

provements from software, algorithms, and
hardware architecture will increasingly re-
quire concurrent changes across other levels
of the stack. These changes will be easier to im-
plement, from engineering-management and
economic points of view, if they occur within
big system components: reusable softwarewith
typically more than a million lines of code or
hardware of comparable complexity. When a
single organization or company controls a big
component, modularity can be more easily re-
engineered to obtain performance gains. More-
over, costs and benefits can be pooled so that
important but costly changes in one part of
the big component can be justified by benefits
elsewhere in the same component.

OUTLOOK: Asminiaturizationwanes, the silicon-
fabrication improvements at the Bottom will
no longer provide the predictable, broad-based
gains in computer performance that society has
enjoyed for more than 50 years. Software per-
formance engineering, development of algo-
rithms, and hardware streamlining at the
Top can continue to make computer applica-
tions faster in the post-Moore era. Unlike the
historical gains at the Bottom, however, gains
at the Top will be opportunistic, uneven, and
sporadic. Moreover, they will be subject to
diminishing returns as specific computations
become better explored.▪

RESEARCH

Leiserson et al., Science 368, 1079 (2020) 5 June 2020 1 of 1

The list of author affiliations is available in the full article online.
*Corresponding author. Email: neil_t@mit.edu
Cite this article as C. E. Leiserson et al., Science 368,
eaam9744 (2020). DOI: 10.1126/science.aam9744

The Top

The BottomThe BottomThe Bottom
for example, semiconductor technology

Software performance 
engineering

New algorithms Hardware streamlining

Removing software bloat

Tailoring software to 
hardware features

New problem domains

New machine models

Processor simpli!cation

Domain specialization

Software Algorithms Hardware architecture

Technology

Opportunity

Examples

Performance gains after Moore’s law ends. In the post-Moore era, improvements in computing power will
increasingly come from technologies at the “Top” of the computing stack, not from those at the “Bottom”,
reversing the historical trend.C
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Read the full article
at https://dx.doi.
org/10.1126/
science.aam9744
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Figure 19.  Hardware Reinvigoration.  Source: Cliff Young, Google Research [11] 
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Figure 20.  Integration with a Transistor Focus [11] 
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Figure 21.  Integration with a System Focus [11] 
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Technology Insertion into Mainstream Platforms
AMD, Intel, Arm offer integration path for 3rd party accelerator “chiplets”

http://chiplets.lbl.gov/

http://chiplets.lbl.gov/
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More Efficient Chiplet Development and Integration Path
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