
CUDA C++ High-Performance GPU Programming: Technical 
Briefing 

Executive Summary 
Modern Graphics Processing Unit (GPU) programming, specifically within the NVIDIA CUDA 
C++ ecosystem, is defined by the concept of "mechanical sympathy"—the necessity of 
aligning software algorithms with the underlying physical silicon architecture. This briefing 
synthesizes the core principles required to harness the massive throughput of modern 
architectures (from Ampere and Ada Lovelace to Hopper and Blackwell).The critical 
takeaways are: 

●​ Silicon Hierarchy:  GPUs prioritize arithmetic logic units (ALUs) and high-bandwidth 
memory (HBM) over the complex branch prediction and deep caches of CPUs. 

●​ SIMT Model:  The Single Instruction, Multiple Threads (SIMT) model abstracts 
hardware vector processing into scalar threads, managed as 32-thread "warps." 

●​ Memory Efficiency:  Global memory performance is strictly dependent on 
"coalescing" 32-byte sectors, while shared memory performance hinges on avoiding 
bank conflicts. 

●​ Occupancy and Latency Hiding:  High performance is achieved not by reducing 
the latency of a single operation, but by maintaining enough active warps to hide 
pipeline stalls through zero-cost context switching. 

●​ Low-Level Control:  The transition from virtual PTX instructions to native SASS 
machine code reveals critical performance barriers, such as register spilling and 
instruction-level stalls. 

I. Modern GPU Silicon and Streaming Multiprocessor (SM) 
Architecture 
 
The GPU die is organized hierarchically into macro-units designed for data-parallel 
throughput. 

1. Silicon Floorplan 
●​ GPC (Graphics Processing Cluster):  The primary macro-unit containing dedicated 

rasterization pipelines and multiple TPCs. 
●​ TPC (Texture Processing Cluster):  Groups multiple Streaming Multiprocessors 

along with polymorph engines. 
●​ Memory Subsystem:  Connected via a High-Bandwidth Crossbar (Network-on-Chip) 

to partitioned L2 cache slices and memory controllers (HBM3e/GDDR6X). 

2. The Anatomy of the Streaming Multiprocessor (SM) 
The SM is the core computational engine, featuring a quad-partitioned topology. Each of the 
four sub-cores (partitions) contains: 

●​ Warp Scheduler & Dispatch Unit:  Identifies eligible warps and issues 1 to 2 
instructions per cycle. 

●​ Register File Slice:  Typically 16K 32-bit registers per sub-core (64K per SM). 



●​ Execution Units: 
●​ FP32 Cores:  For single-precision arithmetic. 
●​ INT32 Cores:  For integer math and address generation. 
●​ Tensor Cores:  Hardware-level matrix-multiply-accumulate (MMA) units for 

mixed-precision AI workloads. 
●​ SFU (Special Function Units):  For transcendentals like sin, exp, and sqrt. 
●​ LSU (Load/Store Units):  Interfacing with the L1 cache. 

3. Unified SRAM Pool 
Modern SMs utilize a unified SRAM array shared between the  L1 Data Cache  and  
Software-Managed Shared Memory . This split is configurable (e.g., 0 KB to 228 KB of 
shared memory on Hopper architectures). 

II. The SIMT Execution Model and Warp Mechanics 

1. Warp Scheduling 
Hardware groups 32 scalar threads into a "warp," which serves as the fundamental unit of 
scheduling. All threads in a warp share the same instruction fetch and decode hardware but 
maintain private register states. 

2. Independent Thread Scheduling (ITS) 
Since the Volta architecture, the "lockstep" execution of warps has evolved: 

●​ Legacy Model:  A single Program Counter (PC) per warp; divergent branches forced 
serialization via a convergence stack. 

●​ Modern Model (ITS):  Each thread maintains its own private PC and call stack. 
Threads are dynamically coalesced by the scheduler when they share addresses, 
allowing for finer-grained interleaving and preventing intra-warp deadlocks. 

3. Latency Hiding Math 
Throughput is maximized when the number of concurrent warps satisfies the following:  
$$\text{Warps Required} = \frac{\text{Pipeline Latency (Cycles)} \times \text{Issue 
Rate}}{\text{Instruction-Level Parallelism}}$$  If arithmetic latency is 16 cycles and ILP is 1, 
at least 64 warps per SM are required to avoid ALU idle cycles. 

III. The Memory Hierarchy: Architecture and Efficiency 

1. Global Memory Coalescing 
Global memory transactions are processed in  32-byte sectors  within 128-byte cache lines. 

●​ Optimal Pattern:  Unit-stride access where Thread  $N$  accesses Address  $X + 
N$ . 

●​ Pathological Pattern:  Strided access (Stride  $\ge 8$ ) where every thread hits a 
distinct 32-byte sector, wasting 87.5% of bandwidth. 

2. Shared Memory Banking 
Shared memory is split into 32 banks (4 bytes wide). 



●​ Bank Conflicts:  Occur when multiple threads access different 4-byte words in the 
same bank, forcing serialization. 

●​ Mitigation: 
●​ Padding:  Adding dummy columns (e.g., 32) to shift row-to-bank mapping. 
●​ XOR Swizzling:  Applying bitwise permutations (col ^ row) to distribute data across 

banks without memory overhead. 

3. Specialized Read Paths 
●​ Constant Memory:  64 KB space optimized for uniform warp access (single-cycle 

broadcast to all 32 lanes). 
●​ Texture Memory:  Uses Morton-order tiling for 2D/3D spatial locality and provides 

hardware-accelerated bilinear interpolation. 
●​ Read-Only Cache (  __ldg  ):  Bypasses coherency protocols for non-coherent, 

high-bandwidth streaming. 

IV. Compilation Pipeline: From High-Level C++ to SASS 
 
The nvcc driver coordinates a multi-stage toolchain: 

1.​ PTX (Parallel Thread Execution):  A virtual, architecture-independent ISA using 
infinite virtual registers. 

2.​ ptxas (The Assembler):  Maps virtual registers to physical hardware and performs 
instruction scheduling. 

3.​ SASS (Streaming Assembler):  Native machine code specific to a GPU 
microarchitecture (e.g., sm_80 for Ampere). 

Register Allocation and Spilling 
If a kernel's register requirements exceed physical SM capacity (64K registers), ptxas 
triggers  Register Spilling . 

●​ Local Memory (  lmem  ):  Spilled registers are moved to thread-private memory, 
which is backed by DRAM and cached in L1/L2. 

●​ Performance Impact:  Spilling introduces high-latency STL (Store Local) and LDL 
(Load Local) instructions, often causing "occupancy cliffs" where active warp counts 
drop abruptly. 

V. High-Performance Engineering and Optimization Patterns 

1. Grid-Stride Loops 
Instead of mapping one thread to one data element, production kernels use grid-stride loops: 

●​ Scalability:  Decouples data size from grid dimensions. 
●​ SM Saturation:  Allows tuning the grid size to perfectly fit hardware capacity. 
●​ Persistence:  Thread blocks remain resident, increasing cache reuse. 

2. Warp-Level Primitives 
Register-to-register communication avoids the latency of shared memory: 

●​ __shfl_sync  :  Direct register exchange between lanes. 
●​ __ballot_sync  :  Collects predicates into a 32-bit mask. 



●​ __match_any_sync  :  Hardware-accelerated broadcast hashing for aggregated 
atomics. 

 
 

3. Memory Consistency and Atomics 
The GPU uses a  weakly-ordered  memory model. 

●​ Memory Fences:  __threadfence() ensures write visibility across SMs without 
stalling execution. 

●​ Acquire-Release Atomics:  Using cuda::atomic with specific scopes (block, device, 
or system) to build lock-free communication protocols. 

VI. Performance Diagnostics and Profiling 
Efficient optimization requires monitoring specific hardware metrics via  NVIDIA Nsight 
Compute : 

●​ SOL (Speed of Light):  Percentage of peak theoretical compute or memory 
bandwidth achieved. 

●​ Occupancy:  The ratio of active warps to the maximum theoretical limit. 
●​ Sector Efficiency:  The ratio of requested bytes to transferred bytes (detects 

uncoalesced access). 
●​ Wavefronts Per Issue:  Measures shared memory bank conflict serialization (1.0 is 

optimal). 
●​ L2 Hit Rate:  Evaluates the effectiveness of access policy windows and persistence 

management. 
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