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communities; however, no research 
community has yet adopted the com-
bination suggested by collective com-
puting. The window of opportunity is 
open now.

A HISTORICAL PERSPECTIVE
One motivation for defining a fourth 
generation of computing is the time 
that has passed since Weiser defined 
the third generation of ubiquitous 
computing. Inspired by his frame-
work, Table 1 summarizes the evolu-
tion of computing generations since 
the 1930s, associated changes in the 
human–computer relationship, canon-
ical devices representing each gener-
ation, and, finally, the driving appli-
cations that encouraged and then 
leveraged wide-scale adoption of those 
technologies.2 In progressing from one 
generation to the next, the previous 
generations’ devices and applications 
do not disappear but, rather, are aug-
mented by those of the next generation.

Generation 1: The mainframe
Automated computing’s origins can be 
traced back many centuries. The first 
vision leading to practical implementa-
tion was Alan Turing’s 1936 formulation 
of a computational engine, the so-called 
Turing machine, which has since influ-
enced the architecture of computa-
tional devices.3 Turing’s ideas and work 
inspired the creation of automated com-
puting machines during World War II.

The assumption of the human–
computer relationship was that a 

single “mainframe” device would sup-
port many individuals, initially one 
at a time but eventually in seemingly 
simultaneous fashion. Ironically, the 
initial “killer app” for this first gener-
ation of mainframe computing was to 
help military powers decrypt enemy 
messages and calculate ballistics to 
more accurately target their forces. 
Once the war ended, large corpora-
tions realized that mainframes could 
automate much of their data process-
ing needs. They acquired their own 
mainframes to support business activ-
ities involving important but tedious 
calculations, such as accounting.

Generation 2: The PC
By the late 1960s, visionaries like 
J.C.R. Licklider recognized opportuni-
ties for boosting human performance 
through enhanced connection to com-
putation. Douglas Engelbart’s NLS/
Augment project, famously demon-
strated in 1968, showed for the first 
time how computing could augment 
human cognitive and communicative 
capabilities. Alan Kay and his Xerox 
PARC colleagues—inspired by the 
Ethernet, raster displays, and laser 
printing—created the first examples 
of a “personal” computer. This device 
transformed the human–computer 
relationship into one where each indi-
vidual had his or her own computa-
tional device. 

While these visions and prototypes 
explored applications for every indi-
vidual, the PC industry did not take off 

until the adoption of the spreadsheet for 
use in businesses. Using the metaphor 
of the accountant’s ledger, electronic 
spreadsheets became an essential tool 
for accounting and forecasting func-
tions. Once businesses had invested 
in PCs for many of their employees, 
follow-on applications such as database 
management and document processing 
programs leveraged this investment 
and encouraged further purchases, with 
PCs eventually moving into homes.

Generation 3: 
Ubiquitous computing
By the late 1980s, personal computing 
had taken hold and new visionaries 
were dreaming of what was to come 
next. Weiser first articulated a com-
puting revolution by claiming that the 
human–computer relationship would 
lure individuals to own and interact 
with multiple devices. Weiser, as well 
as Ken Sakamura (University of Tok-
yo), Andy Hopper (Olivetti Research 
Laboratory), and William Newman 
and Michael Lamming (RankXerox 
EuroPARC), also envisioned compu-
tational devices of different sizes and 
capabilities. Weiser used the analogy 
of inch-, foot-, and yard-scale devices 
that differed not only in size but also 
in mobility and ownership. 

Two applications spurred ownership 
of inch-scale devices in the mid-1990s. 
First, simplified synchronization of PC–
based calendar and contact information 
to pocket-sized PDAs pushed the sale 
of those devices to busy, highly mobile 

TABLE 1. A framework for comparing computing generations, inspired by Mark Weiser.

Generation Time frame
Human–computer 
ratio Canonical device

Application

Initial Follow-on

1 Mid-1930s Many–1 Mainframe Scientific calculation Data processing

2 Late 1960s 1–1 PC Spreadsheet Database management, 
document processing

3 Late 1980s 1–many Inch/foot/yard Calendar and contact 
management, human–
human communication

Location-based services, 
social media, app ecosystem, 
education

4 Mid-2000s Many–many Cloud/crowd/shroud Personal navigation and 
entertainment

Health advisors, educational 
assistants, supply chain logistics

___________________

T H E  F U T U R E  I S  S PA R S E  @  S C 2 3

Four “generations” of 
computing

Gregory Abowd (2016). “Beyond Weiser: From ubiquitous 
computing to collective computing.” DOI: 10.1109/MC.2016.22
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but may reduce accuracy of the results and, in the worst case,
break the application (e.g., convergence). But there is more
to this trade-off: what if a more clever implementation could
maintain convergence properties of high precision numerics,
while enjoying computational efficiency of low precision?
One common trick is using mixed precision on the algorithmic
level, for example, using low precision for individual particles
and only using high precision for aggregated values (Kutzner
et al. 2019). Some processors offer mixed precision tricks
at the hardware level in the form of instructions with low
precision inputs but higher precision accumulations.

There is however more to reduced precision than using
fewer bits—the question is how to optimally distribute bits
between mantissa and exponent (Tesla, Inc. 2021), or even if
to use an entirely different (not IEEE-754) way to represent
numbers (Gustafson and Yonemoto 2017). The story of
reduced precision in AI hardware is quite telling: In early
days of the field, predominantly the IEEE fp32 format was
used, but knowing that in deep neural nets the weights and
activations are typically distributed on a small range of values,
researchers began to explore the fp16 format. Soon the Pascal
generation of GPUs with fp16 performance—at a factor of
two compared to fp32 was released—and the magic did not
happen by itself. Exploding and vanishing gradients, outlier
weights, etc., made training large deep neural nets require
extra effort to stabilize (incurring corresponding overhead) or
just did not converge at all. The next generation of devices
came with bfloat16 format—same 16 bits, but more bits
allocated to range, less for precision. It worked better, but
still once in a while a model would collapse. Finally, the
recent generation of GPUs came with a 19-bit numeric format,
misleadingly called TensorFloat-32. So far it seems to be at
the sweet spot for artificial intelligence workloads—allowing
for noticeably faster arithmetics than fp32, while maintaining
enough numeric stability for the models to reliably converge
without extra programming effort.

Now that mixed precision is a de-facto standard in the AI
domain, more hardware support is being implemented. So
far there is no general clarity on the limits—how few bits
can we get away with in different HPC areas. The following
factors in particular are important to consider as we move
forward. A fully transparent solution for the problem is to
simulate higher precision using low precision operations,
e.g., as shown by Ootomo and Yokota (2022). Our Myth 4’s
memory-bound problems in particular are good candidates
for exploiting “simulated” high precision, since the overhead
can be masked by data transfers. It is not clear however
if this incurred overhead is an acceptable price that HPC
agrees to pay for remaining in higher precision. A less
transparent method is to approach the problem as precision
auto-tuning task by adapting the precision to a minimum
while bounding the error, e.g., as demonstrated by Menon et al.
(2018). One main limitation of that method is the reliance
on automatic differentiation (AD) to track error propagation,
which is not practical for large codebases. Finally, the least
transparent approach requires domain experts in HPC to study
the numerical stability of solvers to identify, on a case-by-case
basis, the susceptibility of solvers to lower/mixed precision.
While this approach is viable for solvers that are wrapped in
libraries to be consumed by HPC domain experts, it is unclear

whether domain experts writing their own solvers (common
in HPC) would be willing to take on this burden.

We close with these questions. . .

¨ Is the HPC community ready (or already late?) to react
to the new low precision formats driven by deep learning?
≠ Will HPC navigate itself into a high-precision niche?
Æ When, if ever, will the industry drop fp64 support?

Myth 12: All HPC Will Be Subsumed by the
Clouds!
The rapidly advancing AI and new precision options has
reignited the cloud discussion. The question whether clouds
will subsume supercomputing has been ongoing for more
than a decade, since the late 2000s Deelman et al. (2008), but
remains inconclusive. Today’s cloud offerings offer a wide
spectrum for HPC customers, ranging from low-cost standard
virtual machines to specialized top-gear HPC equipment in
the cloud. It is not surprising that cloud providers offer exactly
the same performance as on-prem supercomputing centers
in practice De Sensi et al. (2022). After all, they simply buy
the same hardware! Thus, this discussion is more of a fiscal
argument with an interesting economy-of-scale twist.

There are actually bi-directional aspects to the cloud-vs-
supercomputer argument. One is the so-called “cloudification
of supercomputers”, and the latter being “supercomputifica-
tion of clouds”, but they often get mixed-up leading to the
confusions in the discussions. We must look at both aspects,
and it is in fact the latter where such subsumption may happen
or not.

The former, “cloudification of supercomputers”, is an
unmistakable trend, in that various software stack features
and APIs are added so that supercomputers effectively
become high end compute resources in the same manner as
commercial clouds. Indeed, many major supercomputers are
already facilitating cloud features, so that they are effectively
clouds themselves, and interoperable with commercial clouds.
However, this assumes that there is already a supercomputing
resource facilitated for themselves, and does not directly affect
the subsumption argument.

The latter, or “supercomputification of clouds”, is where
subsumption may happen, in that clouds nowadays can
support features as well as performances of dedicated
supercomputers directly, such that they are directly amenable
as their replacement. Certainly, there are now multiple
cloud services that facilitate virtual compute clusters in
the cloud. However, although Intersect 360 reports that
HPC-in-the-cloud CAGR has been dramatic, over 80% in
2021 Intersect360 Research (2022), it also reports the overall
high growth in the HPC market, especially in the high end,
and also projects that, the growth in the cloud HPC market
will flatten over time to be consistent with the overall HPC
industry growth. Continued investments by all major global
regions in exascale machines and beyond, coupled with
companies facilitating their own top-ranked machines, will
likely continue to fuel the on-prem infrastructure growth.

In fact, for enterprise IT infrastructures, there has always
been a swing between on-prem and public clouds, largely
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Q: Can these models be sparse? 

A: Yes, but ML sparse is ”fake” sparse.
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2.1 Generalization
Generalization performance is one of the most important aspects of a deep learning model. It
measures how well the model performs for unseen data drawn from the same distribution as
the training data but was not used for training. Most, if not all, sparsi�cation follows Occam’s
hill [Rasmussen and Ghahramani 2001] shown as a sketch (green line) in Fig. 4: As we start to
sparsify, initially the accuracy increases due to the reduction of learned noise. Intuitively, the
smaller model forms a stronger regularizer forcing the learning algorithm to “focus” on more
important and general aspects of the model (Part A in the �gure). Then, the model reaches an often
extended range of sparsities where the performance remains stable and maybe slightly decreases
(Part B). Eventually, with high sparsity, the quality quickly degrades (Part C).

Accuracy

Performance

A B C

Fig. 4. Typical test error vs. sparsity showing Occam’s hill (network: ResNet-50 on Top-1 ImageNet).

If we observe the computational performance of the model, we often see a curve similar to the
red line in Fig. 4: initially, for low sparsity, performance grows slowly due to overheads in storing
sparse structures and controlling sparse computations. Then, for moderate and high sparsity, we
see a sustained growth of performance before it usually levels o� at extremely high sparsities
where storage and control overheads dominate. For most practical purposes and sparsities, the
performance increases with growing sparsity, the area of diminishing returns only applies to
extreme sparsities which deep learning models have yet to reach. In general, achieving highest
performance at a speci�c sparsity level is complex—most techniques to store and exploit sparsity
are only e�cient within a limited sparsity interval and/or distribution of non-zero elements.

2.2 Performance and model storage
Sparsi�cation reduces the necessary operations to evaluate a model as well as the memory necessary
to store the model by removing nonessential elements. In some cases, for example, when whole
neurons or �lters are removed, we can use associativity and distributivity of linear algebra to
transform a sparsi�ed structure into a smaller dense structure. However, if we remove random
elements of a weight matrix, we need to store the indices of the remaining non-zero elements.

The storage overheads for indexing< non-zero elements in a space of size = vary from bitmaps
with = bits to absolute coordinate schemes using< log(=) bits. Many di�erent formats cover the
whole space and the optimal scheme depends on the sparsity, the structure, and the required access
patterns (e.g., streaming, transposed, or random access). More generally, �nding space-optimal
indexing schemes falls into the class of integer compression problems and hundreds of sparse
matrix indexing techniques exist [Pooch and Nieder 1973]. Here, we focus on a small illustrative
subset.

Hoefler et al. (2021). “Sparsity in Deep Learning: … arXiv:2102.00554 
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performance at a speci�c sparsity level is complex—most techniques to store and exploit sparsity
are only e�cient within a limited sparsity interval and/or distribution of non-zero elements.

2.2 Performance and model storage
Sparsi�cation reduces the necessary operations to evaluate a model as well as the memory necessary
to store the model by removing nonessential elements. In some cases, for example, when whole
neurons or �lters are removed, we can use associativity and distributivity of linear algebra to
transform a sparsi�ed structure into a smaller dense structure. However, if we remove random
elements of a weight matrix, we need to store the indices of the remaining non-zero elements.

The storage overheads for indexing< non-zero elements in a space of size = vary from bitmaps
with = bits to absolute coordinate schemes using< log(=) bits. Many di�erent formats cover the
whole space and the optimal scheme depends on the sparsity, the structure, and the required access
patterns (e.g., streaming, transposed, or random access). More generally, �nding space-optimal
indexing schemes falls into the class of integer compression problems and hundreds of sparse
matrix indexing techniques exist [Pooch and Nieder 1973]. Here, we focus on a small illustrative
subset.

Hoefler et al. (2021). “Sparsity in Deep Learning: … arXiv:2102.00554 

Frantar et al. (2023). “Scaling laws for sparsely-connected foundation models. arXiv:2309.08520v1
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2.1 Generalization
Generalization performance is one of the most important aspects of a deep learning model. It
measures how well the model performs for unseen data drawn from the same distribution as
the training data but was not used for training. Most, if not all, sparsi�cation follows Occam’s
hill [Rasmussen and Ghahramani 2001] shown as a sketch (green line) in Fig. 4: As we start to
sparsify, initially the accuracy increases due to the reduction of learned noise. Intuitively, the
smaller model forms a stronger regularizer forcing the learning algorithm to “focus” on more
important and general aspects of the model (Part A in the �gure). Then, the model reaches an often
extended range of sparsities where the performance remains stable and maybe slightly decreases
(Part B). Eventually, with high sparsity, the quality quickly degrades (Part C).

Accuracy

Performance

A B C

Fig. 4. Typical test error vs. sparsity showing Occam’s hill (network: ResNet-50 on Top-1 ImageNet).

If we observe the computational performance of the model, we often see a curve similar to the
red line in Fig. 4: initially, for low sparsity, performance grows slowly due to overheads in storing
sparse structures and controlling sparse computations. Then, for moderate and high sparsity, we
see a sustained growth of performance before it usually levels o� at extremely high sparsities
where storage and control overheads dominate. For most practical purposes and sparsities, the
performance increases with growing sparsity, the area of diminishing returns only applies to
extreme sparsities which deep learning models have yet to reach. In general, achieving highest
performance at a speci�c sparsity level is complex—most techniques to store and exploit sparsity
are only e�cient within a limited sparsity interval and/or distribution of non-zero elements.

2.2 Performance and model storage
Sparsi�cation reduces the necessary operations to evaluate a model as well as the memory necessary
to store the model by removing nonessential elements. In some cases, for example, when whole
neurons or �lters are removed, we can use associativity and distributivity of linear algebra to
transform a sparsi�ed structure into a smaller dense structure. However, if we remove random
elements of a weight matrix, we need to store the indices of the remaining non-zero elements.

The storage overheads for indexing< non-zero elements in a space of size = vary from bitmaps
with = bits to absolute coordinate schemes using< log(=) bits. Many di�erent formats cover the
whole space and the optimal scheme depends on the sparsity, the structure, and the required access
patterns (e.g., streaming, transposed, or random access). More generally, �nding space-optimal
indexing schemes falls into the class of integer compression problems and hundreds of sparse
matrix indexing techniques exist [Pooch and Nieder 1973]. Here, we focus on a small illustrative
subset.
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Alappat et al. (2021). “ECM modeling and performance tuning of SpMV and 
lattice QCD on A64FX.” arXiv:2103.03013v2
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Constant nonzeros/row ⇒ density << 1%
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Conclusion (?): 
Modest degrees of sparsity 
can be “sufficiently dense”

Alappat et al. (2021). “ECM modeling and performance tuning of SpMV and 
lattice QCD on A64FX.” arXiv:2103.03013v2

Constant nonzeros/row ⇒ density << 1%
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Conclusion so far: 

Q: What system will be built for HPC? 
A: One for dense (and fake sparse) foundation models. 

Q: What is an optimal machine for that case?
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Some kind of processor…
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Figure 1: The transformer block structure of Megatron

Table 1: Optimizations related to LLM training grouped in families related to a system component or particular parallelism they
target. Families and optimizations within families are sorted by year. The presented relative signi�cance of each optimization’s
e�ect is subjective and based on experimental evaluation of the search space.

Optimization Year Related
system

Comp
time

Comp
util

Mem
time

Mem
cap

Mem
BW

Net
time

Net
BW range

Data parallelism (DP) [61] 1989 network – "" – """""" – "" "" 1 .. batch
DP overlap [25] 2017 network "" ## – – – ###### – true/false
Optimizer sharding [24] 2019 network ## – – #### – – – true/false
Recompute [5, 10] 2000 compute """" – – ###### – – – full/attn/none
Fused layers [28] 2018 compute – """" #### #### ## – – true/false
Microbatch training [13] 2019 compute – """" – """""" – – – 1 .. batch/DP
Pipeline parallelism (PP) [7, 13] 2012 network "" #### – #### – "" "" 1 .. blocks
PP 1F1B schedule [7, 32] 2012 network – – – #### – – – true/false
PP interleaving [33] 2021 network ## """" – "" – "" """" 1 .. blocks/PP
PP RS + AG [21] 2022 network – – – – – ## #### true/false
Tensor parallelism (TP) [7, 22, 49] 2012 network #### ## – #### #### """""" """""" 1 .. attn
TP RS + AG instead AR [33] 2021 network – – "" "" – ## ## true/false
Sequence parallelism (SP) [21] 2022 network ## – ## #### ## "" "" true/false
TP redo for SP [21] 2022 network – – – ## – "" "" true/false
TP overlap [58] 2022 network "" ## – – – #### – true/false
Weight o�oad [48] 2021 memory – – "" ###### "" – – true/false
Activation o�oad [48] 2021 memory – – "" ###### "" – – true/false
Optimizer o�oad [48] 2021 memory – – "" ## "" – – true/false

Each computational operation (e.g., GEMM) is fed to a processing
model that determines how long it will take. The model uses a
combination of the time spent in raw compute (i.e., FLOPs) and the
amount of time in raw memory accesses, which closely matches
the performance of real processors [39].

Each processor is able to connect to an arbitrary number of
networks. Each network is programmed with a size, bandwidth,
latency, and e�ciency. A network also has a speci�cation of how
it handles each speci�c operation, which is also the mechanism
that models the performance bene�ts of in-network collectives [38].
Each network also has a value of how much processing power is
taken from the processor while the network is operating at full band-
width. This value is explicitly used when modeling the performance
degradation of overlapping communication with computation.

2.3 Execution Con�guration
Many performance optimization techniques and implementation
strategies have been proposed for transformer-basedmodel training.
We surveyed these methods and present them in Table 1. 2

Calculon implements all the optimizations from the Table 1,
column “range” of which refers to the acceptable range of each
technique as an input parameter of Calculon. The full space of
techniques that Calculon describes grows combinatorially, and this
is the biggest challenge for the implementation. While individual
techniques can be described with formulae, they must be combined
carefully to ensure their interactions are captured and feasibility
constraints are accounted for.

We use the regular structure of transformer models and analyze
only a single transformer block, nevertheless distinguishing edge
blocks with point-to-point communication for PP. We separate the

2An extended appendix with full formulae was redacted due page limit and will be
available at �nal submission, however, all the formulae are publicly available in the
referenced papers.

Mike Isaev (GT Ph.D.), Nic McDonald (NVIDIA), R. Vuduc (SC23)

Canonical structure of a large language model



Demystifying Parallel and Distributed Deep Learning: An In-Depth Concurrency Analysis 1:19
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Fig. 14. Neural Network Parallelism Schemes

It could be argued that the use of minibatches in SGD for neural networks was initially driven by
data parallelism. Farber and Asanović [73] used multiple vector accelerator microprocessors (Spert-II)
to parallelize error backpropagation for neural network training. To support data parallelism, the
paper presents a version of delayed gradient updates called “bunch mode”, where the gradient is
updated several times prior to updating the weights, essentially equivalent to minibatch SGD.
One of the earliest occurrences of mapping DNN computations to data parallel architectures

(e.g., GPUs) were performed by Raina et al. [200]. The paper focuses on the problem of training Deep
Belief Networks[97], mapping the unsupervised training procedure to GPUs by running minibatch
SGD. The paper shows speedup of up to 72.6⇥ over CPU when training Restricted Boltzmann
Machines. Today, data parallelism is supported by the vast majority of deep learning frameworks,
using a single GPU, multiple GPUs, or a cluster of multi-GPU nodes.
The scaling of data parallelism is naturally de�ned by the minibatch size (Table 4). Apart from

Batch Normalization (BN)[117], all operators mentioned in Section 4 operate on a single sample at a
time, so forward evaluation and backpropagation are almost completely independent. In the weight
update phase, however, the results of the partitions have to be averaged to obtain the gradient
w.r.t. the whole minibatch, which potentially induces an allreduce operation. Furthermore, in this
partitioning method, all DNN parameters have to be accessible for all participating devices, which
means that they should be replicated.

6.1.1 Neural Architecture Support for Large Minibatches. By applying various modi�cations
to the training process, recent works have successfully managed to increase minibatch size to
8k samples[83], 32k samples[249], and even 64k[218] without losing considerable accuracy. While
the generalization issue still exists (Section 3), it is not as severe as claimed in prior works[211].
One bottleneck that hinders scaling of data parallelism, however, is the BN operator, which re-
quires a full synchronization point upon invocation. Since BN recurs multiple times in some DNN
architectures[93], this is too costly. Thus, popular implementations of BN follow the approach
driven by large-batch papers[83,105,249], in which small subsets (e.g., 32 samples) of the minibatch
are normalized independently. If at least 32 samples are scheduled to each processor, then this
synchronization point is local, which in turn increases scaling.
Another approach to the BN problem is to de�ne a di�erent operator altogether. Weight Nor-

malization (WN)[208] proposes to separate the parameter (w) norm from its directionality by way
of re-parameterization. In WN, the weights are de�ned as w =

⇣
�
k� k

⌘
· � , where � represents

weight magnitude and � a normalized direction (as changing the magnitude of � will not introduce
changes in r`). WN decreases the depth (D) of the operator from O(logN ) to O(1), removing
inter-dependencies within the minibatch. According to the authors, WN reduces the need for BN,
achieving comparable accuracy using a simpli�ed version of BN (without variance correction).

6.1.2 Coarse- and Fine-Grained Data Parallelism. Additional approaches for data parallelism
were proposed in literature. In ParallelSGD[266], SGD is run (possibly with minibatches) k times in

Ben-Nun & Hoefler (2019). “Demystifying parallel and distributed deep learning: an in-depth concurrency analysis.” 
doi:10.1145/3320060

Myriad ways to map an LLM to a machine…

https://doi.org/10.1145/3320060
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Table 1: Optimizations related to LLM training grouped in families related to a system component or particular parallelism they
target. Families and optimizations within families are sorted by year. The presented relative signi�cance of each optimization’s
e�ect is subjective and based on experimental evaluation of the search space.
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Each computational operation (e.g., GEMM) is fed to a processing
model that determines how long it will take. The model uses a
combination of the time spent in raw compute (i.e., FLOPs) and the
amount of time in raw memory accesses, which closely matches
the performance of real processors [39].

Each processor is able to connect to an arbitrary number of
networks. Each network is programmed with a size, bandwidth,
latency, and e�ciency. A network also has a speci�cation of how
it handles each speci�c operation, which is also the mechanism
that models the performance bene�ts of in-network collectives [38].
Each network also has a value of how much processing power is
taken from the processor while the network is operating at full band-
width. This value is explicitly used when modeling the performance
degradation of overlapping communication with computation.

2.3 Execution Con�guration
Many performance optimization techniques and implementation
strategies have been proposed for transformer-basedmodel training.
We surveyed these methods and present them in Table 1. 2

Calculon implements all the optimizations from the Table 1,
column “range” of which refers to the acceptable range of each
technique as an input parameter of Calculon. The full space of
techniques that Calculon describes grows combinatorially, and this
is the biggest challenge for the implementation. While individual
techniques can be described with formulae, they must be combined
carefully to ensure their interactions are captured and feasibility
constraints are accounted for.

We use the regular structure of transformer models and analyze
only a single transformer block, nevertheless distinguishing edge
blocks with point-to-point communication for PP. We separate the

2An extended appendix with full formulae was redacted due page limit and will be
available at �nal submission, however, all the formulae are publicly available in the
referenced papers.
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Less time, higher flop 
utilization 
(38% → 75%)
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utilization 
(38% → 75%)

Less HBM — trade for more 
“slow” memory
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Q: What is an optimal 
machine for foundation 
models? 

A: One tuned for dense 
compute (“big” procs) and slow 
communication, i.e., a little HBM, a lot 
of slow capacity mem, fast on-node network, slow 
internode network.



Q: What is an optimal 
machine for foundation 
models? 

A: One tuned for dense 
compute (“big” procs) and slow 
communication, i.e., a little HBM, a lot 
of slow capacity mem, fast on-node network, slow 
internode network.

Will this design meet your needs?



So, now 
what?
DESPITE EVERYTHING I JUST SAID, 
THE FUTURE *SHOULD* BE SPARSE!

P.S.: Weren’t you going to talk about APSP?



Reduces energy: fewer flops, less storage

Recall:
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% time communicating increases

Recall:
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CS267 Poisson - 1.11 Demmel Fall 2002

Algorithms for 2D Poisson Equation with N unknowns
Algorithm Serial PRAM Memory #Procs
° Dense LU N3 N N2 N2

° Band LU N2 N N3/2 N
° Jacobi N2 N N N
° Explicit Inv. N log N N N
° Conj.Grad. N 3/2 N 1/2 *log N N N
° RB SOR N 3/2 N 1/2 N N
° Sparse LU N 3/2 N 1/2 N*log N N
° FFT N*log N log N N N
° Multigrid N log2 N N N
° Lower bound N log N N

PRAM is an idealized parallel model with zero cost communication

2 22

(Keyes ’04)

1947

1950

1971

1984

~ 1970s

https://sites.google.com/lbl.gov/cs267-spr2023
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An algorithm 

A communication-avoiding sparse direct solver 
Thesis: Significant, and even asymptotic, improvements in the strong scaling of 
sparse direct solvers for linear systems and all-pairs shortest paths are possible 
by trading more storage for less communication.

Suggestion: Consider sparse LU (+ APSP) as a 
hardware design target (dense-ish & sparse-ish)

Xiaoye (Sherry) Li 
LBNL

Piyush Sao 
@piyush314 / ORNL

Ramki Kannan 
ORNL

“A communication-avoiding 3D algorithm for sparse LU factorization on heterogeneous systems.” JPDC’19

+ a bunch of follow-on papers
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Ax = b nnz(A) = O(N)
<latexit sha1_base64="2rFIgRkcbTTkTUbYHfJWXWkZ9ys="></latexit>
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PA = LU
L = unit lower triangular
U = upper triangular
P = permutation (pivoting)

http://hpcgarage.org/futuresparse23
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Ly = Pb (forward)
Ux = y (backward)

http://hpcgarage.org/futuresparse23


Same machinery applies! Reorderings, supernodes, elimination trees, data structures, distribution, GPUs, … 
Gordon Bell Finalist (SC20 & SC22)

FLOYDWARSHALL(W )

1 for 1  i, j  n
2 ci,j  wi,j

3 for 1  r  n
4 for 1  i, j  n
5 ci,j  ci,j � [ci,r � cr,j ]
6 return C ⌘ [ci,j ]

<latexit sha1_base64="/qvdC8NJCqFhIpVF9qHTxgjfS8Y="></latexit>

Aside: All-pairs shortest paths 
~ LU but in the tropical semiring



Same machinery applies! Reorderings, supernodes, elimination trees, data structures, distribution, GPUs, … 
Gordon Bell Finalist (SC20 & SC22)

Sparse LU has rich computational structure



Same machinery applies! Reorderings, supernodes, elimination trees, data structures, distribution, GPUs, … 
Gordon Bell Finalist (SC20 & SC22)

Parallel dependencies = “elimination tree”



E-tree is really a (fine-grained) task DAG
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Colored boxes = different BLAS-like operations

E-tree is really a (fine-grained) task DAG



Tasks have a complex mix of intensities (flop:byte)
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(32x procs → 2x speedup)

Baseline: SuperLU_DIST

“2D” algorithm (strong scaling)
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Sao: CA for sparse LU (2019–2022) 
All known “3D-LU” algorithms† are for dense LU. They 
reduce communication volume but increase latency.


For sparse LU, we can reduce both the latency and 
bandwidth for “planar” problems asymptotically, and 
achieve constant-factor reductions for “non-planar” ones.


There are other memory-for-communication techniques,‡ including multifrontal methods. 
We claim better memory and process scalability. See our papers!

† Ashcraft (1991); Irony & Toledo (2002); Solomonik & Demmel (2011)

‡ Hulbert & Zmijewski (1991); Gupta et al. (1997)

(communication avoidance)
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(For experts) How? Partition elimination tree 
among 2-D slides of a 3-D process grid
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Piyush: Extend to sparse LU
Example: 

(Best configuration shown)

Px ⇥ Py = 96
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Example: 

(Best configuration shown 
for the 2D part)

Px ⇥ Py| {z }
=192

⇥ Pz|{z}
=8

= 1,536
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Summary 
Assume that industry will not build you an efficient 
machine for your truly sparse computations.


Maybe we should band together around a 
common set of such computations that can drive 
hardware design projects. I have suggested 
sparse LU (sparse APSP) as one whose 
characteristics—semi-irregular parallelism, 
dynamic structure, variable intensity—makes it 
one “model problem” for co-design, but there 
can, and should, be many others, including yours!


†  
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reliable computer architectures 
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other classes of data intensive 
applications. AGILE offers the 
potential to enable a predictive 
analysis of massive data from 
diverse sources and methods, 
not just forensic analysis after the 
event has occurred.
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of the fully integrated system rather 
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must not be constrained by existing 
component interfaces and protocols, 
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practices. 
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architectures that can revitalize 
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capabilities is long overdue.  Currently, 
there is a renewed interest in developing 
specialized hardware components.  
However, this approach will not resolve 
the fundamental data movement 
challenges that restrict the historical 
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program will seed a new generation 
of computers with unprecedented 
pathways for continuing performance 
gains for the IC.

The AGILE BAA was released in 
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slated to run for three years.
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Why deep learning may 
be intrinsically “dense”





puted using the true 1000-dimensional parameter vector. The prediction MSE is averaged over

query vectors sampled from an isotropic Gaussian distribution.

Figure 1: The effects of model complexity and regularization on model performance (measured
as the negative log10 of normalized mean squared error of the prediction compared to the optimal
predictor) and on computational requirements, averaged over 1000 simulations per case. (a)
Average performance as sample sizes increase. (b) Average computation required to improve
performance.

As figure 1(a) shows, the neural-network analog (the flexible, regularized model) is much

more efficient with data than an unregularized flexible model, but considerably less so than the

oracle model or (initially) the expert model. Nevertheless, as the amount of data grows, the

regularized flexible model outperforms expert models that don’t capture all contributing factors.

This graph generalizes an insight attributed to Andrew Ng: that traditional machine learning

techniques do better when the amount of data is small, but that flexible deep learning models do

better with more data [53]5. We argue that this is a more-general phenomenon of flexible models

having greater potential, but also having vastly greater data and computational needs.6 In our

illustration in figure 1, for example, 1,500 observations are needed for the flexible model to reach
5In fact sufficiently large neural networks are universal function approximators [42], implying maximum

flexibility.
6Another demonstration of this comes from the fact that certain types of deep neural networks can provably be

replaced by Gaussian process models that are also flexible and have the advantage of being less black-box, but scale
their computational needs even more poorly that neural networks [66].
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more efficient with data than an unregularized flexible model, but considerably less so than the

oracle model or (initially) the expert model. Nevertheless, as the amount of data grows, the

regularized flexible model outperforms expert models that don’t capture all contributing factors.

This graph generalizes an insight attributed to Andrew Ng: that traditional machine learning

techniques do better when the amount of data is small, but that flexible deep learning models do

better with more data [53]5. We argue that this is a more-general phenomenon of flexible models

having greater potential, but also having vastly greater data and computational needs.6 In our
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puted using the true 1000-dimensional parameter vector. The prediction MSE is averaged over

query vectors sampled from an isotropic Gaussian distribution.
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more efficient with data than an unregularized flexible model, but considerably less so than the

oracle model or (initially) the expert model. Nevertheless, as the amount of data grows, the

regularized flexible model outperforms expert models that don’t capture all contributing factors.
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oracle model or (initially) the expert model. Nevertheless, as the amount of data grows, the

regularized flexible model outperforms expert models that don’t capture all contributing factors.
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Linear regression example: Thompson et al., “The computational limits of deep learning” (July 2020). arXiv:2007.05558v1
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Chunxing Yin (GT Ph.D.), D. Zheng (Amazon), I. Nisrat, C. Faloutsos, G. Karypis, R. Vuduc. 
“Nimble GNN embedding with tensor-train decomposition.” In KDD’22. doi:10.1145/3534678.3539423

https://doi.org/10.1145/3534678.3539423


Baseline: 
Big models

Chunxing Yin (GT Ph.D.), D. Zheng, et al. 
“Nimble GNN embedding with tensor-train decomposition.” In KDD’22. doi:10.1145/3534678.3539423

https://doi.org/10.1145/3534678.3539423


Tensor-train reparameterization: 
Comparable accuracy 
with less space & time

Chunxing Yin (GT Ph.D.), D. Zheng, et al. 
“Nimble GNN embedding with tensor-train decomposition.” In KDD’22. doi:10.1145/3534678.3539423

https://doi.org/10.1145/3534678.3539423


Tensor-train reparameterization: 
Comparable accuracy 

with a time-space tradeoff

Chunxing Yin (GT Ph.D.), D. Zheng, et al. 
“Nimble GNN embedding with tensor-train decomposition.” In KDD’22. doi:10.1145/3534678.3539423

https://doi.org/10.1145/3534678.3539423
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Communication 
avoidance 101



Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

A C

B
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

C

B

A
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

A C

B
N ⇥N matrices
P processes

=) Time for flops / N3

P
<latexit sha1_base64="PKdVoGHH4rXXZttyhjkzUfnqBDQ="></latexit>
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

C

B

A

2D process grid

Px
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Py
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P = Px · Py
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

p
P ⇥

p
P process grid
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

p
P ⇥

p
P process grid
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Attained by Cannon’s algorithm (1969), for instance

C

B

A

⇥

✓
N2

P

◆
elems per proc

=) ⌦

✓p
P +

N2

p
P

◆
comm time
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

A C

B p
P ⇥

p
P process grid
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

Px
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3D process grid
P = Px · Py · Pz
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

A

C

B

Idea: Use a 3-D process grid and replicate 
Dekel et al. (1981); Agarwal et al. (1995); + more

P
1
3 ⇥ P

1
3 ⇥ P

1
3 process grid

⇥

✓
N2

P
2
3

◆
elems per proc (replicate)

=) Memory(3D) = Memory(2D) ⇥ P
1
3

CommTime(3D) ⇡ CommTime(2D)

P
1
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Communication-avoiding idea 
For matrix multiplication, C += A⋅B, on P processors

A

C

B

Trades more memory for less communication
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Piyush: CA for sparse LU 
All known “3D-LU” algorithms† are for dense LU. They 
reduce communication volume but increase latency.


For sparse LU, we can reduce both the latency and 
bandwidth for “planar” problems asymptotically, and 
achieve constant-factor reductions for “non-planar” ones.


There are other memory-for-communication techniques,‡ including multifrontal methods. 
We claim better memory and process scalability. See our papers!

† Ashcraft (1991); Irony & Toledo (2002); Solomonik & Demmel (2011)

‡ Hulbert & Zmijewski (1991); Gupta et al. (1997)
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An “iron law”
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An Iron Law of Parallel and 
Distributed Computation

A modern cluster or supercomputer is, to 
first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
incurs two types of communication cost.  

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs between 
nodes across the network.
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Memory
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Two costs: Tnetwork + Tmemory
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An Iron Law of Parallel and 
Distributed Computation

A modern cluster or supercomputer is, to 
first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
incurs two types of communication cost. 

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs between 
nodes across the network.
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Two costs: Tnetwork + Tmemory
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An Iron Law of Parallel and 
Distributed Computation

A modern cluster or supercomputer is, to 
first order, a collection of processing nodes. 
Each node has a processor (“xPU”) and a 
two-level memory hierarchy. Nodes are 
connected by a network. 

As a program executes on this system, it 
incurs two types of communication cost. 

“Vertical” communication occurs in the 
memory system between, say, RAM and 
cache. 

“Horizontal” communication occurs 
between nodes across the network.

Two costs: Tnetwork + Tmemory
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DPUs in modern 
clusters

The basic building block of a distributed-
memory cluster or supercomputer is a node. 

Each node includes a host, which is a 
processor (xPU) + memory hierarchy. 

The host can communicate with other hosts 
via its NIC (network interface controller). 

A network connects the nodes. The nodes 
may be arranged in some topology, which 
determines the network’s carrying capacity 
and cost. 

In a smartNIC, the NIC becomes “host-like” 
via the addition of processing (ypu) and 
memory. 

Node
“ S M A R T E R ”  N I C S  F O R  F A S T E R  M O L E C U L A R  D Y N A M I C S :  A  C A S E  S T U D Y

Network

Mem

xPU

$
ypu

mem

$

Host
!NIC

Sara Karamati
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Hypothetical: Multi-SmartNIC

Mem

xPU

$

mem

$

Host

BlueField-2

ypu

One host xPU (16 cores)

S. Karamati (GT), J. Young, R.V., et al. (2016) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063

https://doi.org/10.1109/IPDPS53621.2022.00063
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Hypothetical: Multi-SmartNIC

Mem
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$

mem

$

Host

BlueField-2

ypu

One host xPU (16 cores)

657 GF/s

S. Karamati (GT), J. Young, R.V., et al. (2016) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063
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Hypothetical: Multi-SmartNIC
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$
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BlueField-2

ypu

One host xPU (16 cores)

657 GF/s 
76.8 GB/s
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Hypothetical: Multi-SmartNIC
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S. Karamati (GT), J. Young, R.V., et al. (2016) — “Smarter NICs for faster molecular dynamics: a case study.” doi:10.1109/IPDPS53621.2022.00063

https://doi.org/10.1109/IPDPS53621.2022.00063


K A R A M AT I  E T  A L . ,  I P D P S ’ 2 2

“ S M A R T E R ”  N I C S  F O R  F A S T E R  M O L E C U L A R  D Y N A M I C S :  A  C A S E  S T U D Y

88

Hypothetical: Multi-SmartNIC
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Hypothetical: Multi-SmartNIC
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Hypothetical: Multi-SmartNIC
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Hypothetical: Multi-SmartNIC
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build?



93

Power allocation for an “optimal” matrix multiply machine?

K. Czechowski, R. Vuduc. A theoretical framework for algorithm-architecture co-design. In IPDPS’13. doi:10.1109/IPDPS.2013.99

http://dx.doi.org/10.1109/IPDPS.2013.99
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Figure 24: Hardware configurations for the hypothetical machines. The subplots
break down the power and die area resource allocations.
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Figure 25: Relative execution times for the hypothetical machines. The subplots
show execution time relative to the ieal FFT, Stencil, and MatMult configurations.

optimally tuned for the corresponding algorithm, though recall that the model is for a

general-purpose system. Figure 24 shows how resources are allocated in each of these

tuned configurations, as well as in the proposed Echelon configuration. Figure 25

shows execution times for each of the hypothetical machines on the 3D FFT, stencil,

and matrix multiply workloads. We can make a number of observations about these

86

Power allocation for an “optimal” matrix multiply machine

15.9% network
12.8% node overhead 
+ 2.9% on-chip network
7.5% memory bandwidth

60.9% compute
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Figure 24: Hardware configurations for the hypothetical machines. The subplots
break down the power and die area resource allocations.
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Figure 25: Relative execution times for the hypothetical machines. The subplots
show execution time relative to the ieal FFT, Stencil, and MatMult configurations.

optimally tuned for the corresponding algorithm, though recall that the model is for a

general-purpose system. Figure 24 shows how resources are allocated in each of these

tuned configurations, as well as in the proposed Echelon configuration. Figure 25

shows execution times for each of the hypothetical machines on the 3D FFT, stencil,

and matrix multiply workloads. We can make a number of observations about these
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Power allocation for an “optimal” matrix multiply machine

15.9% network
12.8% node overhead 
+ 2.9% on-chip network
7.5% memory bandwidth

60.9% compute

ORNL Summit (13-14 MW): 
67.0% GPU compute 
14.9% CPU compute 

4.8% memory 
5.3% network + disk 
8% node overhead

P.S.: Rmax / Rpeak ~ 75%
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K. Czechowski, R. Vuduc. A theoretical framework for algorithm-architecture co-design. In IPDPS’13. doi:10.1109/IPDPS.2013.99
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Figure 24: Hardware configurations for the hypothetical machines. The subplots
break down the power and die area resource allocations.
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Figure 25: Relative execution times for the hypothetical machines. The subplots
show execution time relative to the ieal FFT, Stencil, and MatMult configurations.

optimally tuned for the corresponding algorithm, though recall that the model is for a

general-purpose system. Figure 24 shows how resources are allocated in each of these

tuned configurations, as well as in the proposed Echelon configuration. Figure 25

shows execution times for each of the hypothetical machines on the 3D FFT, stencil,

and matrix multiply workloads. We can make a number of observations about these
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Power allocation for an “optimal” 3D FFT machine

66.7% network

2.5% on-chip network

17.4% mem bw

13.4% compute
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Figure 24: Hardware configurations for the hypothetical machines. The subplots
break down the power and die area resource allocations.
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Figure 25: Relative execution times for the hypothetical machines. The subplots
show execution time relative to the ieal FFT, Stencil, and MatMult configurations.

optimally tuned for the corresponding algorithm, though recall that the model is for a

general-purpose system. Figure 24 shows how resources are allocated in each of these

tuned configurations, as well as in the proposed Echelon configuration. Figure 25

shows execution times for each of the hypothetical machines on the 3D FFT, stencil,

and matrix multiply workloads. We can make a number of observations about these
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3D FFT vs. “Stencil” machines
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Figure 24: Hardware configurations for the hypothetical machines. The subplots
break down the power and die area resource allocations.
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Figure 25: Relative execution times for the hypothetical machines. The subplots
show execution time relative to the ieal FFT, Stencil, and MatMult configurations.

optimally tuned for the corresponding algorithm, though recall that the model is for a

general-purpose system. Figure 24 shows how resources are allocated in each of these

tuned configurations, as well as in the proposed Echelon configuration. Figure 25

shows execution times for each of the hypothetical machines on the 3D FFT, stencil,

and matrix multiply workloads. We can make a number of observations about these
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6.4% network
4.7% node overhead 

1.6% on-chip network

68.4% mem bw

18.9% compute
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