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Data Transfer Between CPU and GPU

• Direct Memmory Access (DMA) hardware
transfers bytes between physical memory
address spaces
▶ Uses system interconnect, typically PCIe in

today’s systems
• cudaMemcpy() copies data as one or more

DMA transfers
▶ Source and destination pointers are virtual

• Virtual memory complicates data transfer
▶ Pages in virtual address space are mapped into

and out of the physical memory
▶ The OS could accidentally page out the data that

is being accessed by a DMA unit and page in
another virtual page into the same physical
location
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Enabling DMA Transfer in CUDA with Pinned Memory

Definition
Pinned pages are virtual memory pages that are specially marked so that they cannot be
paged out (also called Page-Locked Memory or Locked Pages)

CPU memory that serves as the source or destination of a DMA transfer with
cudaMemcpy() must be allocated as pinned memory
• The entire source and destination virtual address ranges are translated, and mapped

to physical pages
• The CUDA driver checks if the entire memory page is pinned (i.e., unswappable)
• If the source or destination of cudaMemcpy() in the host is not pinned, it needs to be

first copied to a pinned memory leading to extra overhead
▶ cudaMemcpy() is faster if the host memory is allocated in pinned memory because no

extra copy is needed
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Pinned Memory with CUDA

• Allocate and free pinned memory with cudaHostAlloc() and cudaFreeHost()
with the option cudaHostAllocDefault

• Pinned memory is a limited resource—over-subscription can have serious
consequences

How to Optimize Data Transfers in CUDA C/C++
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cudaMemCpy() with Pageable Memory
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cudaMemCpy() with Pinned Memory

Swarnendu Biswas (IIT Kanpur) CS 623: Efficient Data Management in CUDA Sem 2026-27-I 7 / 33

https://www.cse.iitk.ac.in/users/cs610/2026Autumn/lec623/part2/examples/data-management/vector-addition-hostalloc-default.cu


Zero-Copy Memory with CUDA

• Zero copy memory is pinned memory
that is mapped into the device address
space
▶ Both host and device have

fine-grained direct access
+ Can leverage host memory when there

is insufficient device memory
+ Avoids explicit data transfers between

host and device
▶ Should be used for occasionally when

the data is read-only or the GPU
memory is really scarce

Improving GPU Memory Oversubscription Performance
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https://developer.nvidia.com/blog/improving-gpu-memory-oversubscription-performance/


cudaMemCpy() with Zero-Copy Memory

Swarnendu Biswas (IIT Kanpur) CS 623: Efficient Data Management in CUDA Sem 2026-27-I 9 / 33
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Managed Memory

• Unified Virtual Memory (UVM) provides
a single memory space accessible by
all GPUs and CPUs in the system

• Use cudaMallocManaged() to
allocate data in unified memory or use
__managed__ keyword in the global
scope
▶ Returns a pointer that can be

accessed from both host and device
code

Unified Memory in CUDA 6
An Even Easier Introduction to CUDA
Unified Memory for CUDA Beginners

Swarnendu Biswas (IIT Kanpur) CS 623: Efficient Data Management in CUDA Sem 2026-27-I 10 / 33

https://developer.nvidia.com/blog/unified-memory-in-cuda-6/
https://developer.nvidia.com/blog/even-easier-introduction-cuda/
https://developer.nvidia.com/blog/unified-memory-cuda-beginners/


Managed Memory

• UVM features have been evolving
starting from CUDA 6+
▶ 6.x: use a single pointer in both CPU

functions and GPU kernels
▶ 8.x: added 49-bit virtual addressing

and on-demand page migration

• CUDA runtime automatically migrates
data allocated in Unified Memory
between host and device, different
from UVA

Improving GPU Memory Oversubscription Performance
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On-demand Paging

Advanced CUDA programming: asynchronous execution, memory models, unified memory

Swarnendu Biswas (IIT Kanpur) CS 623: Efficient Data Management in CUDA Sem 2026-27-I 12 / 33

http://www.irisa.fr/alf/downloads/collange/cours/hpca2020_gpu_2.pdf


cudaMemcpy() with Managed Memory
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cudaMemcpy() with Managed Memory
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Unified Virtual Memory (UVM)

• On pre-Pascal GPUs, cudaMallocManaged()
allocated managed space on the device that
was active at the time of the call

• Pascal onward, cudaMallocManaged()
does not immediately allocate physical
memory
▶ Pages and page table entries are not created

until the first access by the GPU or the CPU
• Hardware supports page faulting and

migration
▶ The GPU stalls the accessor threads when

they access absent pages
▶ The Page Migration Engine migrates pages to

the device before resuming the threads

J. Jung et al. Overlapping Host-to-Device Copy and Computation using Hidden Unified Memory. PPoPP’20.
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https://dl.acm.org/doi/pdf/10.1145/3332466.3374531


Pre-Pascal Behavior of cudaMallocManaged()
__global__ void add(int n, float* x, float* y) {

int index = blockIdx.x * blockDim.x + threadIdx.x;
int stride = blockDim.x * gridDim.x;
for (int i = index; i < n; i += stride)

y[i] = x[i] + y[i];
}

int main(void) {
int N = (1 << 20);
float *x, *y;
cudaMallocManaged(&x, N * sizeof(float));
cudaMallocManaged(&y, N * sizeof(float));
for (int i = 0; i < N; i++)

x[i] = 1.0f; y[i] = 2.0f;
int blockSize = 256;
int numBlocks = (N + blockSize - 1) / blockSize;
add<<<numBlocks, blockSize>>>(N, x, y);
cudaDeviceSynchronize();
...

}

x and y are allocated on GPU memory,
driver sets up page table entries

Page fault on CPU, x and y
are copied to CPU memory

Lacked support for page faults, so all data
is copied to GPU before kernel launchMoves data back

to CPU memory

Unified Memory for CUDA Beginners
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Pre-Pascal Behavior of cudaMallocManaged()
__global__ void add(int n, float* x, float* y) {

int index = blockIdx.x * blockDim.x + threadIdx.x;
int stride = blockDim.x * gridDim.x;
for (int i = index; i < n; i += stride)

y[i] = x[i] + y[i];
}

int main(void) {
int N = (1 << 20);
float *x, *y;
cudaMallocManaged(&x, N * sizeof(float));
cudaMallocManaged(&y, N * sizeof(float));
for (int i = 0; i < N; i++)

x[i] = 1.0f; y[i] = 2.0f;
int blockSize = 256;
int numBlocks = (N + blockSize - 1) / blockSize;
add<<<numBlocks, blockSize>>>(N, x, y);
cudaDeviceSynchronize();
...

}

x and y are allocated on GPU memory,
driver sets up page table entries

Page fault on CPU, x and y
are copied to CPU memory

Lacked support for page faults, so all data
is copied to GPU before kernel launchMoves data back

to CPU memory

− No concurrent access
− No on-demand migration to GPU
− No oversubscription

Unified Memory for CUDA Beginners
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Behavior of cudaMallocManaged() for Pascal+

__global__ void add(int n, float* x, float* y) {
int index = blockIdx.x * blockDim.x + threadIdx.x;
int stride = blockDim.x * gridDim.x;
for (int i = index; i < n; i += stride)

y[i] = x[i] + y[i];
}

int main(void) {
int N = (1 << 20);
float *x, *y;
cudaMallocManaged(&x, N * sizeof(float));
cudaMallocManaged(&y, N * sizeof(float));
for (int i = 0; i < N; i++)

x[i] = 1.0f; y[i] = 2.0f;
int blockSize = 256;
int numBlocks = (N + blockSize - 1) / blockSize;
add<<<numBlocks, blockSize>>>(N, x, y);
cudaDeviceSynchronize();
...

}

Physical memory for x and y are not immediately
allocated, allocated only on first access or prefetch

Page fault on CPU, x and y are
allocated on CPU memory

Supports page faults, so no data migration
overhead before kernel launch

Page migration cost is now part
of the kernel execution time

Unified Memory for CUDA Beginners
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Profiling with nvprof on Turing GPU
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Page Migration: High-Level Mechanism

• Assume a Pascal+ GPU accesses a page not present in the GPU memory
• Address translation for the faulting page generates a fault message and locks the

TLBs for the corresponding SM
▶ On some architectures, two SMs share a TLB, so both are locked
▶ Locking implies outstanding translations can proceed but new translations will be stalled

until all faults are resolved

• GPU can generate many faults concurrently for the same page
• UVM driver processes the faults, removes duplicates, updates page table mappings,

and transfers the data
• Fault handling adds significant overhead to streaming performance of UVM

Maximizing Unified Memory Performance in CUDA
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Ways to Reduce Page Migration Overhead

(i) Initialize data on the device __global__ void init(int n, float *x, float *y) {
int index = threadIdx.x + blockIdx.x * blockDim.x;
int stride = blockDim.x * gridDim.x;
for (int i = index; i < n; i += stride) {

x[i] = 1.0f; y[i] = 2.0f;
}

}

Unified Memory for CUDA Beginners
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Ways to Reduce Page Migration Overhead

(ii) Use warm-up iterations or take the
average of kernel multiple runs

(iiii) Prefetch data on the GPU with
cudaMemPrefetchAsync()

int device = -1;
cudaGetDevice(&device);
cudaMemPrefetchAsync(X, N*sizeof(float), device, NULL);
cudaMemPrefetchAsync(Y, N*sizeof(float), device, NULL);
cudaMemPrefetchAsync(Z, N*sizeof(float), device, NULL);

Unified Memory for CUDA Beginners
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Explicit Memory Hints in UVM

• Advise runtime on expected memory access behaviors with cudaMemAdvise(ptr,
count, hint, device)

• Possible hints:
cudaMemAdviseSetReadMostly Specify read duplication

cudaMemAdviseSetPreferredLocation Suggest best location
cudaMemAdviseSetAccessedBy Suggest mapping

• Hints do not trigger data movement by themselves

CUDA Unified Memory
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Explicit Memory Hints in UVM

cudaMemAdviseSetReadMostly
• Data will usually be read-only

• UVM will make a “local” copy of the data for each processor that touches it

• A write will invalidate all copies except the one written

cudaMemAdviseSetPreferredLocation
• Suggests which compute device is the best location for the data

• If possible, data mappings will be provided when other processors touch it

• If mapping is not possible, data is migrated

cudaMemAdviseSetAccessedBy
• Does not cause movement or affect location of data

• Indicated compute device receives a mapping to the data

• If the data is migrated, mapping is updated
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Driver-based Prefetching

• Providing user hints can be complicated and error-prone
• CUDA driver can implement different prefetch policies: (i) random, (ii) sequential, or

(iii) locality-aware
▶ For example, “random” prefetches a random 4 KB page from the 2 MB large page

boundary along with the 4 KB faulting page
• NVIDIA implements a locality-aware tree-based neighborhood prefetcher

▶ Migrate multiples of 64 KB blocks contiguous in the virtual address space grouped in a
single transfer

▶ All pages being prefetched are local to the current faulty page and are within 2 MB large
page boundary

D. Ganguly et al. Interplay between Hardware Prefetcher and Page Eviction Policy in CPU-GPU Unified Virtual Memory. ISCA’19.
Mao Lin et al. Forest: Access-aware GPU UVM Management. ISCA’25.
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Tree-based Neighborhood Prefetcher

• Allocation with cudaMallocManaged()
is logically divided into 2 MB large
pages

• The 2 MB pages are further divided into
logical 64 KB basic blocks to create a
full binary tree

• If the user-specified allocation request
is not a multiple of 2 MB, the remainder
allocation is rounded up to the next
2i ∗ 64 KB
▶ If the requests are for 4 MB and

192 KB, then two 2 MB trees and 1
256 KB trees are created

D. Ganguly et al. Interplay between Hardware Prefetcher and Page Eviction Policy in CPU-GPU Unified Virtual Memory. ISCA’19.
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Note about UVM

• UVM provides a coherent view of a single virtual address
space between CPUs and GPUs with automatic data migration
via demand paging
+ Allows GPUs to access a page that resides in the CPU memory

as if it were in the GPU memory
+ Allows applications to run without worrying about the device

memory capacity

struct dataElem {
int prop1;
int prop2;
char *name;

}

• UVM aims to improve programmer productivity
+ Code is less verbose, makes it easy to work with nested data structures (think of C++

classes with dynamically allocated attributes)
• UVM kernels may have poorer performance

− Negative is the substantial cost of address translation overhead and demand paging
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Handling GPU Page Faults

• When a GPU tries to access a physical memory page that is not currently resident in
device memory, a page fault is raised and GPU runtime migrates the requested page
to the GPU memory

• Page fault handling is expensive because it requires long latency communications
between the CPU and GPU over the PCIe bus
▶ The GPU runtime processes a group of page faults together to amortize overhead

H. Kim et al. Batch-Aware Unified Memory Management in GPUs for Irregular Workloads. ASPLOS’20
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Memory Access Divergence

• An SIMD memory instruction cannot complete until data for all threads are available
▶ Problematic for irregular applications with little scope for coalescing
▶ Execution of one instruction requires multiple cache accesses when accesses fall on

distinct cache lines and multiple virtual-to-physical address translations when accesses
fall on distinct pages

• Negative impact from divergence can impact address translation more than cache
access
▶ Irregular memory accesses can lead from 1 to warp size (32/64) address translation

requests, most will miss in the TLB
▶ A page table walk on a TLB miss can take up to four memory accesses, for a total of

128–256 memory accesses per instruction
▶ GPUs employ physical caches which makes address translation the bottleneck
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Address Translation Request

• IOMMU is a hardware component on the CPU that
services address translation requests for
accesses to the DRAM by any accelerator (e.g.,
GPU)
▶ IOMMU supports multiple page table walkers

(e.g., 8–16) to concurrently service multiple page
table walk requests (TLB misses)

▶ IOMMU employs small page walk caches for the
first three levels of the page tables

• GPU multiprocessors (compute units) share a
private L1 TLB across SIMD units

• The GPU’s L1 TLBs are backed by a larger L2 TLB
that is shared across all the CUs in the GPU

S. Shin et al. Scheduling Page Table Walks for Irregular GPU Applications. ISCA’18.
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Address Translation Request

(i) An address translation request is generated by a SIMD load/store
instruction

(ii) A hardware coalescer merges multiple requests to the same page
generated by the same SIMD instruction

(iii) The coalesced translation request looks up the GPU’s L1 TLB and
then the GPU’s shared L2

(iv) On a miss in the GPU’s L2 TLB, the request is sent to the IOMMU
(v) At the IOMMU, the request looks up the IOMMU’s TLBs

(vi) On a miss, the request queues up as a page walk request in the
IOMMU buffer

(vii) When an IOMMU’s page table walker becomes free, it selects a
pending request from the IOMMU buffer in some order

(viii) The page table walker first performs a PWC lookup and then
completes the walk of the page table, generating one to four
memory accesses

(ix) On finishing a walk, the desired translation is returned to the TLBs
and ultimately to the GPU SIMD unit that requested it

S. Shin et al. Scheduling Page Table Walks for Irregular GPU Applications. ISCA’18.
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Memory Oversubscription

• UVM support allows GPUs to oversubscribe memory
• With oversubscription, a memory page is first evicted from GPU memory to system

memory, followed by transfer of requested memory from CPU to GPU

Improving GPU Memory Oversubscription Performance
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Prefetching with Memory Oversubscription

• Aggressive prefetching under memory constraint can be counter-productive, may
cause displacement of heavily-accessed pages

• CUDA drivers implement LRU 4 KB page replacement policy
• Penalty of faults are greater under oversubscription

▶ Threads need to be stalled for writing back pages along with the latency to migrate new
pages

• An option is to disable prefetching on oversubscription
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