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Recent advancements in deep neural networks (DNNs), especially transformer-based large language models (LLMs), have driven
significant progress in artificial intelligence (AI). As demand grows, models expand to trillions of parameters, potentially
requiring dedicated nuclear power plants for data centers. While GPUs are commonly used, they are outperformed in energy
efficiency by domain-specific accelerators (DSAs). Modern system-on-chip (SoC) designs utilize these DSAs to enable parallel
workload execution, known as accelerator-level parallelism (ALP). SoCs need to scale to meet the growing demand but encounter
challenges like reticle limits, yield issues, and thermal management. Chipletization—combining multiple chips in one package—
offers a solution for improved scalability and composability, leading to what I call chiplet-level parallelism (CLP). Future systems
will incorporate various little domain-specific chiplets, enhancing parallel execution. Additionally, technologies like silicon
photonics will be vital for scaling these architectures to bridge the gap to warehouse-scale computing. This talk will cover the
challenges and optimizations for ALP, CLP, and beyond Moore’s architectures. First, I will present my work on enabling energy-
efficient heterogeneous SoCs for edge machine learning applications through ALP. I will discuss our design space exploration
framework, ZigZag, which was created to allow rapid exploration of hardware architectures for ML accelerators. ZigZag played a
crucial role in co-designing an ML accelerator implementation integrated into my two silicon prototypes: TinyVers, an all-digital
heterogeneous SoC featuring a RISC-V core and efficient power management for IoT, and Diana, the first hybrid digital and
analog ML SoC, utilizing the strengths of both architectures for enhanced energy efficiency. Scaling beyond SoCs, the second part
of my talk explores energy-efficient chiplet architectures and CLP. CLP can be seen as a constrained ALP, enabling us to apply
many insights from ALP, such as memory management, data orchestration, resource allocation, and more, to chiplets. However,
to harness the potential of CLP fully, we need a co-design infrastructure. I will showcase my work on automatic chiplet generation
and the universal chiplet interconnect express (UCle) die-to-die interface standard, which facilitates the creation of a plug-and-
play chiplet ecosystem. Additionally, I will present two of my recent silicon prototypes: Cygnus, the first academic RVV1.0 multi-
core vector processor chiplet designed for digital signal processing (DSP), and Sirius, the first UCIe-compliant LLM chiplet
utilizing a novel quantization scheme. As we enter the age of Al proliferation, domain-specific chiplets will play a significant role
in building modular systems for edge and data centers. However, to enhance energy efficiency in warehouse-scale computing,
systems-in-package (SiP) must evolve into systems-in-cluster (SiC), connected through emerging silicon photonics and optical
networks. A co-design approach that aligns model architecture with hardware specifications is essential for energy-efficient
scaling for edge and data centers. In the final section of my talk, I will present a vision for a unified framework focused on
partitioning, scheduling, design space exploration, simulation, and hardware generation tailored for scale-up and scale-out
architectures. This will enable the development of future energy-efficient and scalable AI/ML systems.
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