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Title: All Models are Wrong, But Some are Useful
Presenter: Mark D. Hill, University of Wisconsin-Madison

Abstract: The title's quote is by Wisconsin Statistician George E. P. Box (1987). It also applies to modeling of 
computer architectures. This talk first reviews two modeling contributions from Uri Weiser’s group: Stay Away 
from the Valley [2009] and Multi-Amdahl [2012]. It then presents a new model for latency-tolerant 
architectures, such as GPUs, using memory/storage hierarchies, e.g., for KV Caches to speed Large-Language 
Model AI inference. I conjecture that the model will aid the co-design of such workloads and architectures  
https://www.sigarch.org/pipeorgan-modeling-memory-bandwidth-bound-executions-for-ai-and-beyond/). 

Biography: Mark D. Hill is the Gene M. Amdahl and John P. Morgridge Professor Emeritus of Computer Sciences 
at the University of Wisconsin-Madison (http://www.cs.wisc.edu/~markhill), following his 1988-2020 service in 
Computer Sciences and Electrical and Computer Engineering. His research interests include parallel-computer 
system design, memory system design, and computer simulation. Hill's work is highly collaborative with over 170 
co-authors. He received the 2019 Eckert-Mauchly Award and is a fellow of AAAS, ACM, and IEEE. He served on 
the Computing Community Consortium (CCC) 2013-21 including as CCC Chair 2018-20, Computing Research 
Association (CRA) Board of Directors 2018-20, and Wisconsin Computer Sciences Department Chair 2014-2017. 
Hill was Partner Hardware Architect at Microsoft (2020-2024) where he led software-hardware some 
pathfinding for Azure. Hill has a PhD in computer science from the University of California, Berkeley.
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1. Analytic Models  in Computer Architecture
2. Stay Away from the Valley for Multicore vs. Multi-Thread 
3. MultiAmdahl for Chips w/ Cores & Accelerators 
4. A PipeOrgan Model for Bandwidth-bound Memory Hierarchies (several slides)



Models complement simulation, measurement, & prototyping
• Fast, insightful, easily varied, but less (absolute) accuracy
• Taste required to determine what to include & eschew

Some Popular Computer Architecture Models
• Amdahl’s Law for parallel systems
• Iron Law for core pipelines
• Roofline especially for AI accelerators

Among Uri’s talents, two models next

Analytic Models in Computer Architecture



GPUs and other parallel architectures emerged
• CPUs: fewer cores, (cache) memory for latency reduction
• GPUs: more cores, little memory per core for latency tolerance
• Other designs emerging with middle #cores

Weiser group: Stay away … Valley
• A middle #cores not “Goldilocks”

but a performance valley
• Insightful, simple & can vary

Stay Away from the Valley for Multicore vs. Multi-Thread [2009]



New parallel SoCs called for Amdahl’s Law extensions
• Hill/Marty’s symmetric/asymmetric/dynamic multicore [2008]
• Whither design with multiple accelerators?

Weiser group: MultiAmdahl 
• Models performance & cost of

chip of cores & accelerators
• Multi-dimensional optimal perf

found via Lagrange multiplier
• Insightful but complex

MultiAmdahl for Chips w/ Cores & Accelerators [2012]



Background
• CPU memory hierarchies defined by increasing latency
• GPU memory hierarchies defined by decreasing bandwidth

Implication to memory hierarchy design?

Who cares? 
• Users/designers of multi-threaded systems
• Gen AI inference is substantially BW bound 

New PipeOrgan Model for Bandwidth-bound Memory Hierarchies 

https://www.sigarch.org/pipeorgan-modeling-memory-bandwidth-bound-executions-for-ai-and-beyond/
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LLM Model fits in HBM; KV Cache does NOT;
With PagedAttention, fetch multi-MB blocks

Performance determined by Bandwidth!

Consider 100% bandwidth-bound extreme – computation hidden
• 16 TB/s HBM bandwidth
• 0.5 TB/s LPDDR bandwidth

• What fraction of data from LPDDR yields best performance?

Whither AI (Inference) Memory Hierarchies?
HBM

LPDDR

Latency-Tolerant Compute
with internal registers/caches

16 TB/s 0.5 TB/s
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Whither N Memory Levels? Memory 2 Memory N

Latency-Tolerant Compute
with internal registers/caches

b_1 b_2 b_N
d_1 d_2 d_N

Memory 1

PipeOrgan Principle
 

Memory-BW-bound workloads maximize performance when they 
source data from each memory level proportional to its bandwidth

Perhaps known to HW people; simple for SW people & Co-design

But need to cache for reuse: transferring data among memories



PipeOrgan Math for N Memory Levels

• Find D = d_1 + … + d_N for max perf using B = b_1 + … + b_N
• By assumption, workload limited by data-transfer time 

(compute hidden)
• Time for each memory to finish is d_i/b_i  = TB/(TB/s) = sec
• Workload Time is MAX [d_1/b_1, …, d_N/b_N]
• Workload Perf = 1/ Time = MIN[b_1/d_1, …, b_N/d_N]
• Set each d_i = (D/B)*b_i = proportional to its bandwidth b_i
• Perf = MIN[b_1/((D/B)*b_1), …, b_N/((D/B)*b_N)] 
• Perf = MIN[(B/D), …, (B/D)] = B/D
• Time = 1/Perf = D/B = best to move all data with all BW



Caching Remains Critical HBM
LPDDR

Latency-Tolerant Compute
with internal registers/caches

16 TB/s 0.5 TB/s

Both at 97% using HBM BW only

Caching 
declines 
slowly

Caching declines rapidly & the same as without caching
                Does that mean caching doesn’t matter?

CACHING CRITICAL: It moves x-axis operating point!

20% Direct4% = 5x  Caching Reuse



PipeOrgan Math for 2 Memory Levels With Caching

Let HBM provide ALL data D to compute – complete caching
• Where (1-f)*D fits in HBM & f*D overflows to LPDDR, f = [0, 1]
• Using LPDDR data costs fetch of new data (victimization ignored)
• If all data in HBM (f = 0): Time = D/b_1 & Perf = b_1/D

Otherwise, f > 0, data f*D moves between memories using
[#1] LPDDR BW b_2 used for data copy of f*D
[#2] HBM BW b_1 used for data copy & moving ALL data D to compute
Time = max[f*D/b_2, (f+1)*(D/b_1)] where max uses [#1] & [#2]
Perf  = 1/Time = min[b_2/(f*D), (b_1/D)/(f+1)]

Not shown: the graph normalizes to performance with no caching



PipeOrgan Implications
• BW-bound workloads must husband

BW from larger, slower memories
• Caching remains critical

“Essentially, all models are wrong, but some are useful.” --Box

After 8 decades for latency focus, we are at the exciting early 
stages of codesigning bandwidth-focused memory hierarchies 

PipeOrgan Model for Bandwidth-bound Memory Hierarchies 



Some Computer Architects (left to right): David Kaeli, Josep Torrellas, Jim Smith, 
Mark Hill, Doug Burger, Jim Goodman, Avi Mendelson, Luiz Barroso, & Uri Weiser

@ Caesarea During Weiser-Hosted 6/2013 Technion Visit
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