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A Practical Engineering Guide to
Benchmarking, Optimization, and
Production Deployment
This book teaches engineers how to build reliable evaluation systems for small
and locally deployed language models. You will learn to measure performance
accurately, compare models across hardware and runtimes, interpret results
without being misled by benchmarks, and make evidence-based deployment
decisions for real-worldworkloads. The guide combines rigorous experimental
methodology with example code so you can independently establish an evalu-
ation laboratory and produce trustworthy, reproducible results.



Introduction
You run a small language model on a laptop for a demo. It generates text at
eight tokens per second and seems adequate. You then move to production
with a different quantization, a different runtime, and a different workload,
and the numbers change so drastically that the demo performance becomes
meaningless. This is a common experience in theworld of local languagemodel
deployment.

The problem is not that small or local models are unreliable. The problem
is that evaluation is often done with the wrong level of rigor. Engineers rely on
single benchmark scores, anecdotal observations, or vendor claims that do not
match their actual workload. The result is poor model selection, unexpected
performance in production, and wasted money on hardware or cloud spend.

This book exists to fix that gap. It treats local and small language model
evaluation as an engineering discipline that requires systematic measurement,
statistical rigor, workload-specific methodology, and reproducibility. You
will not find vague advice here. Instead you will find complete evaluation
procedures, working code, and decision frameworks grounded in real system
behavior.

Why evaluation matters more for local models

When you call a cloud API, evaluation largely means choosing among well-
documented options and trusting the provider. When you deploy locally, the
surface area explodes. You now choose the model family, the parameter size,
the quantization format, the inference runtime, the hardware configuration,
the threading settings, the memory layout, the batch size, the context window,
the concurrency level, and the temperature. Each choice interacts with every
other choice. The configuration space is large enough that intuition fails.

Three factors make rigorous evaluation essential for local models. First,
the gap between advertised capability and actual performance can be wide.
A model that scores well on a public benchmark may perform poorly on
your domain, especially if the benchmark was contaminated during training.
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Second, system performance is just as important as model quality. A slower
model running on better hardware may serve users more responsively than a
faster model on worse hardware. Third, resource constraints force trade-offs
thatmust bemeasured, not guessed. You need to knowwhether the quality loss
from INT4 quantization matters for your task, whether a 3 billion parameter
model is good enough, or whether adding a second GPU improves throughput
enough to justify the cost.

What you will be able to do after reading this book

By the end of this book you will be able to do the following things:

Design and run statistically sound evaluations that produce results you
can trust. You will know how to choose appropriate test sets, how many
samples you need, how to control for variance, and how to report results with
confidence intervals instead of single numbers that hide uncertainty.

Measure system performance correctly. You will understand the difference
between time-to-first-token and inter-token latency, how prompt length
affects each, how batching changes throughput, and how to identify whether
your system is compute-bound or memory-bound.

Compare models and configurations without being misled. You will know
how public benchmarks can deceive you, how to detect contamination, why
aggregate scores are dangerous, and how to build custom evaluations that
reflect your actual workload.

Make deployment decisions with evidence. You will have frameworks
for choosing among quantization levels, model sizes, hardware options, and
runtimes based on measured trade-offs between quality, latency, throughput,
memory, and cost.

Detect false claims. Whether from vendors, blog posts, or benchmark
leaderboards, you will know what questions to ask and what experiments to
run to verify performance assertions.

Build reproducible evaluation pipelines. You will have complete code for
downloadingmodels, running inference, measuring latency, collecting teleme-
try, validating outputs, comparing results, and generating reports that another
engineer can reproduce.
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Who this book is for

This book assumes you are comfortable programming and working with sys-
tems. It is written for software engineers, ML engineers, AI developers, DevOps
engineers, researchers, and technical decision-makers who need to work with
local or small language models. You should know how to run a Python script,
what a GPU is, and how to use command-line tools. You do not need deep
theory knowledge of transformers, though the book explains what you need.

If you are a manager evaluating whether to deploy models on-premise,
you will find the decision frameworks, cost models, and risk analysis useful.
If you are an engineer building a product around local models, you will find
the implementation guidance and code essential. If you are a researcher
comparing model capabilities, you will find the statistical methodology and
benchmarking analysis important.

How this book is organized

The book is structured as a progression from foundations to mastery. Part I
establishes the landscape: what small and local models are, why they matter,
and the technical foundations you need. Part II covers the evaluation method-
ology: how to design tests, measure performance, and apply statistical rigor.
Part III dives into the tooling: inference runtimes, model formats, quantization,
and hardware considerations. Part IV addresses practical evaluation across
different workload types. Part V covers advanced techniques and optimization.
Part VI brings everything together with decision frameworks and production
guidance.

You can read this book sequentially, which is recommended if you are new
to local model evaluation. If you are already experienced, you can jump to
specific chapters based on your needs. The code examples are standalone and
executable, so you can run them without reading the surrounding theory first,
though understanding the theory will help you interpret the results.

A note on pace and specificity

The local language model ecosystem moves fast. New models, new runtimes,
and new benchmarks appear regularly. This book is written with two goals:
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to give you current, accurate information about the tools and methods avail-
able today, and to give you durable principles that will remain useful as the
ecosystem evolves. Where details are rapidly changing, the book explains the
underlying mechanics so you can reason about new tools when they appear.
Where principles are stable, the book is explicit about why they hold.

Performance numbers, model rankings, and tool recommendations will
age. The methodology for measuring performance, the statistical principles
for comparing results, the understanding of system bottlenecks, and the
frameworks for workload-specific evaluation will not. This book is designed
so that the parts that matter most for your long-term work are the parts that
stay correct.



Chapter 1: Defining the Landscape
The landscape of small and local language models has changed dramatically
in recent years. Models that once required multi-GPU clusters now run on
consumer laptops. Frameworks that once demanded deep expertise now
offer simple APIs. This progress is both an opportunity and a hazard. The
opportunity is that powerful models are now accessible. The hazard is that the
same accessibility makes it easy to deploy something inadequate and discover
the problem only after users notice.

This chapter establishes the terms and context for the rest of the book. We
define what we mean by small and local, why local deployment matters, what
hardware is available, and the trade-offs that shape every decision.

What is a Small Language Model

There is no universally agreed definition of what constitutes a small language
model. The boundary between small and large has moved as models have
grown and as optimization techniques have improved. One organization calls
anything below 72 billion parameters small [1]. Another treats small as meaning
millions to low billions of parameters [2]. For the purposes of this book, a
small language model is one that can run on a single consumer-grade device
or a modest server, typically with parameter counts in the range of 1 billion
to 14 billion, though the effective upper bound depends on quantization and
hardware.

The distinction between small and large is not just about parameter count.
It is about the deployment context and the capability envelope. Small models
are designed to run where large models cannot: on laptops, phones, edge
devices, air-gapped servers, and constrained environments. They are special-
ized rather than generalist, optimized for specific tasks rather than maximum
breadth. A well-chosen small model deployed locally can outperform a distant
large model when latency, privacy, cost, or reliability matter.

The current landscape includes several notable families of small models:
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• Meta Llama 3.2 1B and 3B: Highly efficient, designed specifically for edge
deployment with strong instruction-following capability for their size.

• Google Gemma 2: Open-weightmodels in the 2B to 9B range, competitive
with older Llama variants.

• Qwen 2.5 series: 0.5B to 14B parameter models with strong multilingual
and coding capability.

• Mistral and Mixtral: 7B and 8B dense models, plus mixture-of-experts
variants that trade peak quality for efficiency.

• Phi series: Microsoft models in the 1.5B to 3.8B range that demonstrate
strong performance relative to size through careful training data selec-
tion.

• Various community and domain-specific models: Thousands of fine-
tuned variants built for specific tasks, domains, or languages.

The key insight is that model quality is no longer a simple function of
parameter count. A 3B parameter model trained on high-quality, domain-
specific data and evaluated on that domain may outperform a 70B generalist
model. This is why evaluation must be workload-specific rather than based on
aggregate benchmark scores.

What is a Local Language Model

A local language model is one that runs on infrastructure you control, rather
than through a third-party API. This includes models running on your laptop,
on an on-premise server, in a private cloud, on edge devices, or in any
environment where the model weights, the inference code, and the data all
remain under your control.

Local deployment means three things: data sovereignty, operational con-
trol, and self-sufficiency. Data never leaves your infrastructure, which matters
for privacy, compliance, and security. You control the operational details:
which model to use, how to update it, how to monitor it, how to scale it. And
you do not depend on external availability or pricing changes.

The alternative to local deployment is not just public cloud APIs. It includes
managed services that still send your data to a provider, hybrid architectures
that split workloads between local and remote, and even models hosted on
third-party infrastructure you rent but do not fully control. The defining
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characteristic of truly local deployment is that you own the full stack from
weights to response.

Local deployment has become practical because three trends converged:

First, model quality at smaller sizes improved dramatically. A 7B parameter
model from 2024 can handle many tasks that once required 70B or more
parameters, thanks to better training data, better architectures, and better
alignment techniques.

Second, quantization and compression techniques advanced. Models can
now be run at 4-bit or even lower precision with quality loss that is often
acceptable for many tasks, reducing memory requirements by 75 percent or
more.

Third, inference runtimesmatured. Frameworks like llama.cpp, Ollama, and
MLX make it possible to run models with minimal setup, and the performance
on consumer hardware is now good enough for many production workloads.

Why Local Matters

The choice between local and cloud deployment is not purely technical. It is
shaped by requirements around privacy, cost, latency, reliability, and control.
Each factor becomes important in different contexts.

Privacy and data sovereignty are the primary drivers for many organiza-
tions. The average data breach costs around $4.44 million [3], and regulatory
frameworks like GDPR impose fines up to 4 percent of global annual turnover.
When your data includes personal information, medical records, financial
details, intellectual property, or proprietary business data, sending it to a third-
party API introduces risk. Even if the provider is trustworthy and their security
is good, the data must traverse networks outside your control, and you depend
on their internal processes. Local deployment eliminates this exposure by
design.

Cost becomes important at scale. A cost-benefit analysis published in 2025
shows that on-premise deployment can reach breakeven with cloud services
after three to six months for organizations processing more than 50,000
queries per month [4]. Local inference can cost approximately $0.11 per million
tokens compared to around $2.00 for cloud APIs at production scale [5]. The
exact numbers depend on hardware choices and utilization, but the pattern is
consistent: the more you use the model, the more local deployment saves.
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Latency matters for user experience. Every API call adds network round-
trip time, queueing delay, and provider-side processing overhead. A local
model eliminates network latency entirely and can respond in milliseconds
when the model is already loaded in memory. For interactive applications,
coding assistants, or agentic workflows that require dozens of sequential calls,
local inference can be orders of magnitude faster.

Reliability is about uptime and predictability. Cloud services have outages.
Rate limits change. APIs are deprecated. Pricing increases. When your
business depends on a model, depending on an external service introduces a
single point of failure. Local deployment puts availability in your hands.

Control means the ability to customize, audit, and evolve the model. You
can fine-tune on your data, apply custom quantization, patch vulnerabilities,
modify the runtime, and roll back changes without asking anyone. You can
audit what the model is doing and why. For regulated industries this is not
optional.

These factors compound. An organization that needs privacy also needs
control. An organization that processes high volume also cares about cost. The
organizationsmost interested in local models are usuallymotivated bymultiple
factors simultaneously.

The Hardware Landscape

Understanding the hardware landscape is essential because model perfor-
mance is ultimately determined by the physical constraints of the device
running it. The same model behaves very differently on different hardware,
and choosing the right hardware is as important as choosing the right model.

Consumer-grade hardware has become powerful enough for meaningful
local inference. Modern laptops with Apple Silicon (M1 through M5) offer
unified memory architectures with bandwidth up to 153 GB/s and memory
capacities up to 192 GB, making them capable of running 14B parameter models
responsively and even 70B parameter models at lower throughput. Windows
and Linux laptops with dedicated NVIDIA GPUs (RTX 4060 through RTX 5090)
provide high-performance compute with 8 GB to 32 GB of VRAM. CPUs on
modern laptops are also capable for small models through frameworks like
llama.cpp, though at lower speeds.
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Desktop and workstation GPUs are the workhorses for serious local de-
ployment. NVIDIA RTX 4090 (24 GB VRAM), RTX 5090 (32 GB VRAM), and
professional cards like the NVIDIA L4 (24 GB) provide sufficient memory for 7B
to 14B models at high quality quantization with room for context. Multi-GPU
setups allow running larger models by splitting layers across cards or running
multiple instances in parallel.

Server-grade hardware becomes relevant for production workloads.
NVIDIA H100 (80 GB), L40S (48 GB), and A100 (40-80 GB) provide the
throughput and memory for running 70B+ models at production scale. AMD
Instinct MI300X (192 GB) is a powerful alternative with massive memory
capacity. The choice between these depends on budget, power constraints,
and whether you need cutting-edge performance or simply adequate
throughput.

Edge devices present unique constraints. Smartphones with NPU hardware
(AppleNeural Engine, QualcommHexagon) can runmodels in the 1B to 3B range
on device. Embedded systems and IoT devices with limitedmemory and power
require specialized optimization, often with extreme quantization and model
distillation.

The key principle is to match hardware to workload. A laptop running
llama.cpp is excellent for development, demos, and light workloads. A desktop
with a good GPU is appropriate for a small team. A server with multiple GPUs
is needed for production serving at scale. The wrong hardware choice wastes
money and frustrates users.

Cost and Privacy Implications

The economics of local deployment are straightforward in theory but nuanced
in practice. The upfront cost is hardware: purchasing GPUs, servers, and
storage. A capable entry-level server for running a 7B model starts at $8,000
to $12,000 [4]. The ongoing cost is electricity, cooling, maintenance, and
engineering time. The savings come fromnot paying per-token fees, not paying
for API calls, and not paying for data transfer.

The breakeven analysis depends on three variables: usage volume, model
quality requirements, and hardware efficiency. If you process millions of
tokens per month, local deployment almost always wins on cost. If you process
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thousands, cloud is cheaper. The transition point shifts as cloud prices change
and hardware becomes more efficient.

Privacy implications are more absolute than cost implications. There is
no breakeven calculation for data that must not leave your network. When
regulations require data to stay in a specific jurisdiction, when intellectual
property cannot be exposed to third parties, when patient data is involved, or
when legal counsel requires it, local deployment is not a cost optimization. It
is a requirement.

The combination of privacy and cost is what makes local deployment
compelling for enterprises. A bank that needs local deployment for compliance
reasons will also benefit from the cost savings at scale. A healthcare provider
that must keep medical data private will also save on API costs by deploying
locally. The privacy requirement justifies the initial investment, and the cost
savings justify continued operation.

Organizations should also consider the hidden costs of cloud deployment:
vendor lock-in, API compatibility changes, unpredictable pricing, and the
operational complexity of managing multiple provider relationships. Local
deployment centralizes control and makes long-term cost planning more
predictable.

How This Book is Structured

This book is organized to build your knowledge progressively from foundations
to advanced practice. Each chapter assumes knowledge from previous chap-
ters, so sequential reading is recommended for newcomers.

Chapters 2 and 3 establish the technical foundations. You will learn about
transformer architectures, parameter scaling, attention mechanisms, and the
different dimensions of model quality. This knowledge is necessary for under-
standing why models behave the way they do.

Chapters 4 and 5 cover model formats and quantization. You will under-
stand how models are stored, transferred, and loaded, and how quantization
affects quality and performance. These chapters are essential for practical
deployment work.

Chapters 6 through 8 introduce the inference stack and specific runtimes.
You will learn about llama.cpp, Ollama, MLX, and vLLM, including their archi-
tectures, trade-offs, and configuration options.



Chapter 1: Defining the Landscape 12

Chapters 9 and 10 explain tokenization and performance metrics. You will
learn to measure latency, throughput, and system utilization correctly, and to
identify performance bottlenecks.

Chapters 11 through 14 cover evaluation methodology, statistical rigor, and
public benchmarks. This is the core of the book: how to design evaluations
that produce trustworthy results, how to apply statistics correctly, and how to
interpret benchmark scores without being misled.

Chapters 15 and 16 show you how to build custom evaluation harnesses
with complete code. You will learn to measure quality systematically, detect
hallucinations, validate structured outputs, and generate reproducible reports.

Chapters 17 and 18 address workload-specific evaluation and safety testing.
You will learn how different use cases require different evaluation approaches,
and how to test for reliability, robustness, and safety.

Chapter 19 covers advanced optimization techniques including speculative
decoding, continuous batching, model distillation, and hardware acceleration.

Chapter 20 brings everything together with decision frameworks, case
studies, and production deployment guidance.

Throughout the book, code examples are provided as complete, runnable
implementations with installation instructions, execution steps, and expected
outputs. You can run them as you read to build hands-on experience with
evaluation techniques.

The goal is not to produce benchmark tables or model rankings. The goal
is to give you the skills, tools, and understanding to build your own evaluation
capability so that you can answer questions about model performance for your
specific needs with evidence rather than opinion.



Chapter 2: Model Architectures and
Scaling
To evaluate models effectively you need to understand how they work inter-
nally. Architectural differences explain why twomodels with similar parameter
counts can have vastly different inference speeds, memory requirements, and
quality characteristics. This chapter covers the technical foundations of trans-
former models, parameter scaling, attention mechanisms, and architectural
choices that directly affect your evaluation work.

Transformer Fundamentals

The transformer architecture introduced in the Attention Is All You Need paper
[6] became the foundation for virtually all modern language models. Under-
standing the basic mechanics is essential because inference performance and
resource usage follow directly from the architecture.

A transformer processes text as a sequence of tokens. Each token ismapped
to an embedding vector, a numerical representation in high-dimensional
space. The core computation happens in transformer layers, each containing
two main components: a self-attention mechanism and a feed-forward net-
work.

The self-attention mechanism allows every token in the sequence to attend
to every other token. For each token, the model computes three vectors: a
query vector, a key vector, and a value vector. Attention scores are computed
by taking the dot product of query and key vectors, scaled by the square root of
the dimension. These scores determine how much each token attends to each
other token. The output is a weighted sum of value vectors, where the weights
come from the attention scores.

The feed-forward network is applied independently to each token position.
It consists of two linear transformations with a non-linearity in between. Its
purpose is to process the information from the attention mechanism and
produce the final output for each position.
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During inference, tokens are generated autoregressively. The model gen-
erates one token at a time, each conditioned on all previous tokens. At each
step, the entire sequence is processed through all layers. This is where the key
performance constraint emerges.

The KV cache is the memory structure that stores the key and value vectors
for each token in each layer. Once computed for a token, these vectors are
cached so they do not need to be recomputed at each generation step. Without
caching, inference would require reprocessing all previous tokens at every
step. With caching, each new token only requires computing its own key and
value vectors while attending to all cached vectors.

The KV cache grows linearly with sequence length and number of layers.
This makes it the dominant memory consumer for long contexts and the
primary bottleneck for batched inference. Understanding this is critical for
performance evaluation.

Parameter Count and Scaling Laws

Parameter count is the most commonly cited model characteristic, but it is
neither the whole story nor as simple as it appears. A parameter is a weight in
the neural network that is learned during training. The total parameter count
is the sum of all weights across all layers.

For transformer models, parameters are distributed across several compo-
nents:

• Embedding layer: maps token IDs to vectors, roughly vocabulary size
times embedding dimension

• Attention layers: query, key, and value projection matrices, plus output
projection

• Feed-forward layers: two weight matrices per layer
• Layer normalization: scale and shift parameters per layer

A 7 billion parametermodel contains 7 billion trainableweights. Eachweight
in full precision (FP16) occupies 2 bytes. The raw model size is therefore 14
gigabytes, not counting activation memory, the KV cache, or other overhead.

Scaling laws describe the empirical relationship between model size, data,
compute, and performance. The Chinchilla paper [7] showed that for a
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given amount of training compute, there is an optimal ratio between model
parameters and training tokens. Larger models require proportionally more
training data to reach their potential. This finding has practical implications: a
model that is large but trained on insufficient datamay underperform a smaller,
better-trained model.

More relevant for evaluation is the observation that model quality scales
predictably but with diminishing returns. Doubling the parameter count does
not double the quality. The improvement is real but sublinear, especially for
task-specific performance. A 14Bmodel is better than a 7Bmodel, but not twice
as good. A 70B model is better than a 14B model, but the relative improvement
continues to decrease.

This means that for local deployment there is a practical ceiling. Beyond
a certain size, the marginal quality improvement does not justify the marginal
resource cost. For many tasks, a 7B to 14B model provides sufficient quality at
a fraction of the resource cost of a 70B model. Your evaluation work should
determine where that ceiling lies for your specific workload.

Attention Mechanisms and Variants

The attentionmechanism is wheremost architectural innovation happens, and
it is also where inference performance is most affected. The standard multi-
head attention (MHA) divides the embedding dimension into multiple heads,
each computing attention independently. If the model has h heads and each
key-value head has dimension d_k, then MHA uses h key-value heads.

The problem with MHA during inference is that it requires storing sep-
arate key-value caches for each head. For a model with 32 heads and 128-
dimensional heads, at 128K context tokens, the KV cache alone consumes
significant memory. This is the fundamental bottleneck that attention variants
attempt to address.

Multi-query attention (MQA) [8] uses a single shared key-value head across
all query heads. All query heads attend to the same key and value vectors.
This dramatically reduces KV cache size because instead of storing h separate
caches, the model stores only one. The KV cache shrinks by a factor of h.

The trade-off is quality. Sharing all key-value heads reduces representa-
tional capacity. The model cannot maintain head-specific information in the
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cache. MQA typically causes a measurable quality degradation compared to
MHA, especially on complex reasoning tasks.

Grouped-query attention (GQA) [9] is a middle ground. Query heads are
grouped into g groups, with each group sharing a single key-value head. GQA
uses g key-value heads instead of h. If g equals h, GQA becomes MHA. If g
equals 1, GQA becomes MQA. For intermediate values, GQA balances KV cache
efficiency and quality.

Modern models like Llama 3 use GQA extensively. Llama 3 8B uses 32
query heads grouped into 8 key-value heads. This gives 75 percent KV cache
reduction compared to MHA while maintaining most of the quality. For
inference evaluation, GQA is important because it directly affects memory
requirements and batch throughput.

The practical implication is that attention choice matters for hardware
planning. A model with GQA will fit larger contexts and support higher con-
currency than an equivalent MHA model. Two models with similar parameter
counts but different attention configurations will have different practical limits
on the same hardware.

Grouped‐Query and Multi‐Query Attention

To understand the KV cache implications concretely, let us calculate the
memory required for different attention configurations. The KV cachememory
formula is:

2 * layers * kv_heads * head_dim * seq_len * bytes_per_element

The factor of 2 accounts for both key and value caches. Consider three
models with identical parameter counts and 32 layers, evaluated at 32K context
with FP16 precision:

• MHA with 32 heads, 128-dimensional: 2 * 32 * 32 * 128 * 32768 * 2 bytes =
13.4 GB

• GQA with 32 query heads / 8 kv heads: 2 * 32 * 8 * 128 * 32768 * 2 bytes
= 3.4 GB

• MQA with 1 kv head: 2 * 32 * 1 * 128 * 32768 * 2 bytes = 0.4 GB

The difference is dramatic. An MHAmodel at 32K context needs 13.4 GB for
KV cache alone. A GQAmodel needs one quarter of that. An MQAmodel needs
one thirty-second.
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For evaluation, thismeans attention configuration directly determineswhat
workloads are feasible. On a 24 GB GPU, an 8B parameter model with MHA can
run about 16K context before KV cache exhausts available memory. The same
model with GQA can run 64K context. The difference between architectures
is not just theoretical: it determines whether a model can actually serve your
workload.

This also affects concurrency. Each concurrent request needs its own KV
cache. Serving 8 simultaneous users at 32K context with MHA requires 107 GB
of cache memory. With GQA it requires 27 GB. With MQA it requires 3 GB. If
your workload requires concurrency, attention mechanism is one of the most
important architectural factors.

Mixture of Experts Architectures

Mixture of Experts (MoE)models use a different approach to scaling. Instead of
increasing the total parameter count of a single densemodel, MoEmodels par-
tition parameters acrossmultiple expert networks and use a gatingmechanism
to route each token to a subset of experts.

A MoE model might have 128 billion total parameters but only activate 16
billion per token. The total parameter count is large but the active parameter
count per inference step is small. This means inference is faster and uses less
memory than a dense model with the same total parameters.

Mixtral 8x7B is a notable MoE model with 47B total parameters and 13B
active parameters per token. The model has 8 expert networks, each with 7B
parameters, but only 2 experts are activated for each token.

For local deployment, MoE models present a complex trade-off. The
advantage is that inference is faster than a dense model of equivalent total size
because fewer parameters are activated. The disadvantage is that all experts
must be loaded into memory even though only a subset is used at each step.
For Mixtral 8x7B, all 47B parameters must reside in memory even though only
13B are active.

This means that while MoEmodels are more efficient computationally, they
are not more memory-efficient for total parameters. A 7B dense model still fits
in less memory than Mixtral 8x7B. For resource-constrained local deployment,
a dense model is often more practical.
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MoEmodels also complicate evaluation. The routingmechanism introduces
variability: different tokens activate different experts, which means perfor-
mance can vary across different inputs. When comparing a MoE model to a
dense model, you should evaluate on diverse workloads to account for routing
variance.

MoE is also relevant for understanding future model families. As more
models adoptMoE architectures, the evaluationmethodology needs to account
for the difference between total parameters and active parameters.

Context WindowMechanics

The context window is the maximum number of tokens a model can process
in a single forward pass. Modern models advertise context windows ranging
from 8K tokens to millions of tokens. The advertised number is not the same
as the effective window.

During training, a model sees sequences up to a maximum length. If trained
primarily on 4K token sequences and never tested on longer sequences during
training, themodelmay not generalizewell beyond 4K tokens at inference time.
This is why context window claims require verification.

Three factors limit effective context:

First, architectural constraints. The attention mechanism scales quadrat-
ically with sequence length during training. For a 32K token sequence with
multi-head attention, the attention computation is 64 times more expensive
than for a 4K token sequence. Many models use optimized attention kernels
(Flash Attention, etc.) to reduce this cost, but the scaling is still a factor.

Second, memory constraints. The KV cache grows linearly with context
length. Amodel that can handle 8K context on a 24GBGPUmay not handle 64K
context on the same hardware because the cache exceeds available memory,
even though the model architecture theoretically supports it.

Third, performance degradation. Models tend to perform worse on in-
formation in the middle of long contexts, a phenomenon called lost in the
middle [10]. Retrieval accuracy often follows a U-shaped curve, being higher
for information at the beginning and end of the context than for information
in the middle. This means that a 128K context window is not uniformly useful.
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For evaluation, context window testing requires specific methodology. You
should measure performance at different context lengths, not just at the
maximum. You should test information retrieval from different positions in
the context. You should verify that the model does not simply refuse longer
contexts due to memory limits.

Context window is also workload-dependent. If your workload only needs
4K tokens of context, a model with a 128K window provides no advantage. But
if your workload involves analyzing long documents or maintaining extended
conversations, context window becomes critical.

Architectural Choices that Affect Inference

Several architectural choices beyond attention mechanism and context win-
dow directly affect inference performance and should be considered during
evaluation:

Feed-forward dimension determines the capacity of the MLP layers. A
larger feed-forward dimension relative to embedding dimension typically im-
proves quality but increases inference cost because more computation is
required per token. This is especially relevant for decoding throughput.

Layer normalization placement matters. Pre-norm architectures apply
normalization before attention and feed-forward, which improves training
stability. Post-norm architectures apply it after. Most modern models use
pre-norm or variants like RMSNorm, which has slightly lower computational
overhead.

Activation function choice affects both quality and speed. Models like Llama
3 use SwiGLU instead of the traditional GELU activation in feed-forward layers.
SwiGLU splits theMLP path into two branches with a gatingmechanism, which
empirically improves quality but adds a small computational overhead.

Positional encoding is critical for context window behavior. Models using
Rotary Positional Embeddings (RoPE) [11] handle longer contexts more grace-
fully than models using absolute positional encodings. RoPE encodes positions
as rotations in the embedding space, which allows better generalization to
sequences longer than those seen during training.

For evaluation, these architectural details matter when comparing models
from different families. A model with SwiGLU may have better quality than
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one with GELU but slightly slower inference. A model with RoPE may handle
longer contexts better. When two models perform similarly on benchmarks,
architectural efficiency can determine which is better suited for a specific
deployment scenario.
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