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LAST TINE TODAY

’ Combmed constructs ana Main topic: Different types of shared memory
IeXI,C al extent of parallel architectures, thread affinity, cache coherency and false
regions Trarfi

e Dataenvironmentin Disclaimer: all references to the OpenMP specification are for version 5.1
OpenMP: shared and )
private data attributes? Details:

e Synchronization e Uniform and non-uniform memory access (UMA and
primitives in OpenMP NUMA)

e OpenMP library routines | Thread affinity and the NUMA first-touch policy
and environment e Cache coherency protocols in shared memory (the
variables missing piece in the memory consistency model)

e Falsesharing

AGENDA CHECK:

¢ Project milestone 2 due tonight — https://harvard-iacs.github.io/2023-CS205/pages/project.ntml#M2
¢ Reading assignment for Thursday is about the Roofline performance analysis model by Williams et al. —
https://code.harvard.edu/CS5205/main/blob/master/reading/03_williams2009a.pdf


https://www.openmp.org/spec-html/5.1/openmp.html
https://harvard-iacs.github.io/2023-CS205/pages/project.html#M2
https://code.harvard.edu/CS205/main/blob/master/reading/03_williams2009a.pdf

Recall: this sketch from lecture 4:

Processor package

UNIFORM MEMORY ACCESS
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Main memory

e Multiple cores with one memory
management unit

e All cores in that architecture share the

system bus on the chip

e The cores have uniform memory access

Uniform memory access (UMA)

Core
o Total system O
O | - O
@) memory @
210D

e Also known as symmetric multi-processing
(SMP)

e | The cost to access the memory is the
same for each core




UNIFORM MEMORY ACCESS

UMA Example: most laptops and consumer grade desktops
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I Machine (31GB total)
o Total system . Q Package L#0
S memory 1o}
NUMANode L#0 P#0 (31GB)
L3 (4096KB) L3 (4096KB)
210D
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Main memory modulesin a
standard system associated

H Host: 6d87bd8e6072
witha (N)UMA node. Date: Fri Jan 14 21:47:09 2022

e AMD Ryzen 7 PRO 4750U on my laptop is an UMA system
e Thereis one (N)UMA node with direct access to the total system memory (32GB)

e The span of the (N)UMA node block across all cores in the figure above indicates
that these cores have equal access to that particular memory node



NON-UNIFORM MEMORY ACCESS

Total system memory
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e Inthe image above, the architecture could be a motherboard with 4 sockets, each hosts a 4-
core CPU with its own memory management unit (MMU). It could also be a 16-core CPU
architecture with 4 internal memory nodes, each exclusively assigned to 4 cores.

e |neither case, all cores have access to all of the system memory.

e | The access cost is non-uniform. For example, a core attached to memory node O can
directly access its memory node but cannot directly access memory node 3.




NON-UNIFORM MEMORY ACCESS

Total system memory
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Recall: lab 1

e Compute node: 2 Intel
Xeon E5-2683 v4
CPUsonone
motherboard (2
sockets

e OneCPUhas1
NUMA node, each

with direct access to
64 GB DRAM

e Total node memory
is 128 GB managed
by 2 NUMA nodes

NUMA Example: old compute nodes (last year) on academic cluster:

4 AMD Opteron 6376 CPUs on one motherboard (4 sockets!
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Date: Wed 09 Feb 2022 01:54:48 PM EST



https://www.amd.com/en/products/cpu/6376

NON-UNIFORM MEMORY ACCESS

Summit supercomputer at Oak Ridge National Labs
4'608 compute nodes

2 IBM Power9 CPUs and 6 Nvidia V100 GPUs per node
512 GB host memory per node

e Nodes are NUMA
with 4 memory nodes

e Each memory node
hosts 128 GB of
memory

‘I\Iemﬁ‘ryfnodfeVB p



https://www.olcf.ornl.gov/olcf-resources/compute-systems/summit/
https://en.wikipedia.org/wiki/POWER9

Uniform Memory Access (UMA):

UMA/NUMA DIFFERENCES

Core
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Total system
memory

Non-Uniform Memory Access (NUMA):

310D

UMA typically supports a few cores only

alo)

(e.g. up to 8 cores)

Your laptop or desktop at home are UMA

systems

It can only be a few cores because the
system bus must be able to service the
memory requests for all cores

UMA is also referred to as symmetric multi-

processing (SMP)
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Supporting a large number of processors
requires distributed shared memory
(distributed locally on the hardware — not
the same as MPI!)

Otherwise extreme pressure on the bus

resulting in high latencies

NUMA architectures usually have multiple
sockets with separate memory modules

NUMA is also referred to as distributed
shared memory (DSM)



NUMA PLATFORMS

Both, UMA and NUMA are shared memory architectures. Cores on these
platforms share the same memory space.

The total memory space may be distributed locally on the motherboard
(physical separation). This physical separation is transparent from the
software point of view.

Distributing the memory increases the bandwidth (why?) and reduces latency
to local memory.

e | Memory requests to a remote NUMA node are associated with higher

latency (they are more expensive) than requests to the local NUMA node.
— therefore, efficient use of NUMA platforms requires additional effort in your software.

Note: distributed programming with MPI is very different. It is not possible to access the
remote memory of the distributed process without a protocol that runs on both processes.
The specification of such a protocol is essentially what MPI is. On a NUMA platform you can
access a remote memory node (on the same motherboard, of course). This is a nice read if
you are further interested: https://queue.acm.org/detail.cfm?id=2513149



https://queue.acm.org/detail.cfm?id=2513149

NUMA PLATFORMS

A common code pattern:

nt main(void) The code on the left shows common steps
performed when working with plain old data
double *A = new double[1000]; (POD). It could be data that you manage in
T some C++ class or any other user defined types

ALi] = 0.0; ’ where you control how data is initialized. The
steps are:

i
{

3

1. Allocate a chunk of dynamic memory
for (int i = 0; i < 1000; ++i) { (memory on the heap)
ALi] = do_work(i, A);

} 2. Initialize the data structures to some values

delete[] A; 3. Partition the data among threads and
ST perform work in parallel

Assume we are working on a NUMA platform. In which of the memory
modules will the chunk of memory allocated in step 1 be placed?


https://en.wikipedia.org/wiki/Passive_data_structure

NUMA FIRST TOUCH POLICY

Memory affinity is not decided by the memory allocation but by initialization!
First touch policy: memory is mapped to the NUMA domain that first touches it.

e |fcore 1 first touched the data element shown in the figure, it will be placed in a
memory bank of the NUMA domain associated with core 1

e If another core not in this NUMA domain accesses the data element, it will be a
slower access (higher latency since the memory you access is physically further away)

Bus
Memory Bank O Memory Bank 1 Memory Bank n
B
Cache Cache ... Cache
CoreO || Core 1 Core 2 || Core 3 Core n-1|| Coren

Fast access Slow access



NUMA FIRST TOUCH POLICY

NUMA first touch with OpenMP:

nt main(void) 1. Allocate a chunk of dynamic memory
(memory on the heap). This chunk of
memory has not been touched yet (not

ipragna omp parallel for | initialized).

for (int i = 0; i < 1000; ++i) {

B S 0o 2. | Initialize the data in parallel using a
specific team of threads.

i
{

double *A = new double[1000];

}

3. Partition the data among threads and

for (int i = 0; i < 1000; ++i) {

AU = oGy, ) perform work in parallel. The same
}
team of threads should be used here
el (same configuration, be aware of

return 0;

OMP_DYNAMIC).

Note: depending on how the data A is accessed inside do_work, you might access memory in
different memory banks. A different data representation that is better aligned with the
algorithm you use may be more beneficial.



NUMA FIRST TOUCH POLICY

Be careful with C++ container types:

e C++ uses RAIl which means that
container types like std: : vector

int main(void)

{ initialize the data.
std: :vector<double> A(1000, 0.0);

e |f the container initializes the
data, then the first touch policy
will be violated.

O N4 O U1 DN W N —

std: :vector<double> A(1000);

e |t may further depend on the
for (int i = 0; i < 1000; ++i) {

ALil = 0.0; constructor you use.
}
e The constructor usedinline 6 on

the left will definitely violate the
first touch policy.

for (int i = 0; i < 1000; ++i) {
, AbH T doorkC, A e The constructor used in line 9 on
the left may or may not violate first
touch, depending on its

implementation — do not rely on it.

return 0;



https://en.wikipedia.org/wiki/Resource_acquisition_is_initialization

NUMA FIRST TOUCH POLICY ON ETHZ CLUSTER

Xeon E5 2680v3 (Euler node ETH Zurich) e Two Intel Xeon E5
90 ; .
—&— gcc6.3.0 (w/ NUMA touch) / 2680v3 CPUs with 12
—— gcc 6.3.0 (w/0o NUMA tc:)uch) cores each

o)
e}

clang 4.0.1 (w/ NUMA touch)
clang 4.0.1 (w/o NUMA{ touch)
~{— intel 2018.1 (w/ NUMAtouch)

2)N1R 1 (A7
ClLZU10.1 (W

o Without the first touch
policy you waste half of
TUMA touch your bandwidth because
' / accesses to the distant
pa NUMA node cost about
/)\

f—— T | N twice as much on this

architecture!

e The degraded bandwidth
will not be enough to
| service the data requests

| on all 24 cores on this
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N
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(e
o o
o
-+
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NUMA ngde O: cores 0-11

N
(e}

Data obtained with STREAM benchmark: https://www.cs.virginia.edu/stream/ref.html


https://ark.intel.com/content/www/us/en/ark/products/81908/intel-xeon-processor-e52680-v3-30m-cache-2-50-ghz.html
https://www.cs.virginia.edu/stream/ref.html

THREAD AFFINITY

On NUMA architectures (and in general) it is important that we can control on
which cores threads will run.

Thread affinity refers to the thread-core mapping at runtime.

OpenMP supports processor binding (thread affinity) since the v3.0
specification.

By default, the OpenMP runtime decides on which cores threads run.

The easiest way to control affinity is via : see Section 2.6.2

OMP_PROC_BIND="true'

OMP_PROC_BIND="false'

Specific places:

OMP_PROC_BIND="master"
OMP_PROC_BIND="primary"
OMP_PROC_BIND="'close'
OMP_PROC_BIND="spread'

Nested parallelism:

OMP_PROC_BIND="'close, spread, spread'



https://www.openmp.org/spec-html/5.1/openmpsu41.html#x61-610002.6.2

THREAD AFFINITY

You can also be explicit in your code by using an OpenMP clause:

1 #pragma omp parallel proc_bind(master[primary|[close[spread) [other clauses] new-line

2 structured block

primary |f
This thread affinity policy instructs the execution
. . . 1 OMP_PROC_BIND='false
environment to assign every thread in the team to
the same place as the primary thread. then proc_bind clauses on
master parallel constructs will be
Same as primary. since OpenMP v5.1. ignored. See Section 6.4.
close

This thread affinity policy instructs the execution
environment to assign the threads in the team to
places close to the place of the parent thread (may

Use this environment variable
to display the thread affinity

not necessarily be the primary thread in nested setting at runtime:
spread See Section 6.13

This thread affinity policy creates a sparse
distribution of the threads in the available places.


https://www.openmp.org/spec-html/5.1/openmpse61.html#x327-5020006.4
https://www.openmp.org/spec-html/5.1/openmpse70.html#x336-5110006.13

PLAGES

You can control the granularity of thread affinity via OpenMP places:

OMP_PLACES="list of places'

There are many possibilities to define places in OpenMP, see Section 6.5 for all details.

There are a few abstract names available that are useful. They are listed below
with (from fine grained control to coarse grained control):

threads
Each place corresponds to a single hardware thread on the device.
cores
Each place corresponds to a single core (having one or more hardware threads) on the
device.
11_caches (v5.1+ only)
Each place corresponds to a set of cores that share the last level cache on the device.
numa_domains (v5.1+ only)
Each place corresponds to a set of cores for which their closest memory on the device is:
the same memory and at a similar distance from the cores.
sockets

Each place corresponds to a single socket (consisting of one or more cores) on the device.


https://www.openmp.org/spec-html/5.1/openmpse62.html#x328-5030006.5

THREAD AFFINITY: EXAMPLES

OMP_PROC_BIND - compute node on the academic cluster:

OMP_NUM_THREADS=16 OMP_PROC_BIND='false' ./affinity OMP_NUM_THREADS=16 OMP_PROC_BIND='true' ./affinity
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[Com ||| | [ \ [Cor 1| ||| e \
[ | [ | [ | [ = | [ | [ | [ \ [ | [ | [ | [ == | [ | [ | [ \
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Host: holy2a02105 c as harvard.edu Host: hoiy2a02105 c as harvard.edu
Indexes: prysical Indexes: prysical
Date: Fi 11 Feb 202 03.47:52 P EST Date: i 11 Feb 2022 03.47:52 PH EST

Running this command again generates Running this command again generates
a different mapping every time. the same mapping. Note: the following
generates the same mapping:

OMP_NUM_THREADS=16 OMP_PROC_BIND='close' ./affinity




THREAD AFFINITY

. EXAMPLES

OMP_PROC_BIND - compute node on the academic cluster:

OMP_NUM_THREADS=16 OMP_PROC_BIND="'master'

./affinity

OMP_NUM_THREADS=16 OMP_PROC_BIND="spread'

./affinity
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Host: hoiy2a02105 c as harvard.edu
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Date: i 11 Feb 2022 03.47:52 PH EST

Running this command again generates
the same mapping every time.




THREAD AFFINITY: EXAMPLES

OMP_PLACES - compute node on the academic cluster:

OMP_NUM_THREADS=16 OMP_PLACES='cores'

./affinity

OMP_NUM_THREADS=16 OMP_PLACES="sockets(2)'

./affinity
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Running this command again may
generate a different mapping. Only the
places will be respected. Thread ID and

core ID order may also not be monotonic.
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Running this command again generates a
different mapping every time on the same
two sockets. OMP_PLACES="sockets' is
allowed to use all sockets.




CACHE COHERENCY

The memory consistency model we discussed ensures a correct order of
read/write operations such that the program is data-race free. (If it is a relaxed
consistency model you are responsible!)

We still miss a piece in that model because our system uses cache memories.

What if multiple threads need access to data that is located in the same cache
line? The memory consistency model we discussed so far is not enough!

Threads run on different cores which have their exclusive L1 data caches. They
[threads] will have their own copies of the same cache line which may become
incoherent as data is modified with multiple threads.

A cache coherence protocol is required that ensures the following properties:

1. Write propagation: changes to data in a cache line must be propagated to
anyone who holds a copy of the same cache line.

2. Write serialization: writes to a single memory location must be seen by all threads
in the same order. If thread O writes to a memory location, thread 1 must see
that write in its cache line first before it can write to same memory location.




CACHE COHERENCE PROTOCOLS

e There are anumber of different cache coherency protocols. Examples are:
= MESI: Modified, Exclusive, Shared, Invalid (most common, a.k.a. lllinois protocol)
m MOESI: Modified (exclusive), Owner (shared), Exclusive, Shared, Invalid (AMD)
= MESIF: Modified, Exclusive, Shared, Invalid, Forward (Intel)
e Mostly two different policies are used for a coherence protocol (see bus
snooping):

= |nvalidation-based: only write misses hit the bus, subsequent writes to
the same cache line are local (works with write-back caches). Good for
multiple writes to the same cache line in the same cache.

= Update-based: all sharers continue to hit cache line after one core
writes (assumes that shared lines are accessed often). Many local
writes may waste bandwidth.

e MESI is aninvalidation-based protocol


https://en.wikipedia.org/wiki/Bus_snooping

MESI

Terminology:

Cleanline
Content of cache line and main memory is
identical, i.e., main memory is up to date
(such a line can be evicted without write-
back).

Dirty line
Content of cache line and main memory
differ, i.e., main memory is stale (the line
needs to be written back eventually, when
that happens depends on the protocol
details).

Bus transaction
A signal on the bus that can be observed by
all caches. Usually a blocking operation, i.e.,
not parallel.

Local read/write
A load/store operation that originates from
a core connected to the cache.

Cache line states in MESI;

Modified (M)
The local cache line copy has been modified
and no copies exist in other caches — Main
memory is stale.

Exclusive (E)
No copies exist in other caches — The main
memory is up to date.

Shared (S)
Unmodified copies may exist in other caches
— Main memory is up to date.

Invalid (/)
Cache lineis incoherent and different from
what is currently in the cache.



MESI EXAMPLE

Thread O Thread 1 Thread 2
o |
E
Bus
0 2 5
Address: @ 8 12 16 20
Main Memory

Thread O Thread 1 Thread 2
e | o |
S S
Bus
(4} 2 5
Address: @ 8 12 16 20
Main Memory

e Thread O requests read access to some data contained in
cache line O.

e The cache line will be marked exclusive for that thread (E).

e Thread 1 requests read access to some data contained in
cache line O.

e The cachelineis now marked shared (S). Both threads have

a copy of the same cache line.

Thread O Thread 1 Thread 2
e |
o M |
Bus
0 1 2 K} 4 )
Address: @ 4 8 12 16 20
Main Memory

e Thread 1 modifies its local cache line copy (M).

e The coherency protocol signals this by marking the cache
line of thread O invalid ().

Thread O Thread 1 Thread 2
e | o ||
S |
Bus
0 1 2 3 4 )
Address: @ 4 8 12 16 20
Main Memory

e Theshared state is restored by propagating the change (S).

Depending on the protocol:
» The change may be written to main memory and invalid
cache lines are updated (MESI).

= Other protocols may broadcast changes and not write to
main memory immediately.



PARALLEL 77

Suppose we are given the following sequential code that approximates

|
7'(':4/ dx
0 1 -+ 2172

How would you go about
int main(void) parallelizing this code with

{
const int nsteps = 100000; OpenM P?

const double step = 1.0 / nsteps;
double sum = 0.0;

1
2
3
4
5
6
7
8

for (int i = 0; 1 < nsteps; ++i) {
const double x = (i + 0.5) * step;
sum += 1.0 / (1.0 + x * Xx);

}

std::cout << "pi ="
<< 4.0 * sum * step << '\n';
return 0;
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PARALLEL 77

A proposed solution:

int main(void)

{

const int nsteps = 100000;
const double step = 1.0 / nsteps;
double sum[NTHREADS] = {0};

{

const int tid = omp_get_thread_num();

for (int 1 = 0; i < nsteps; ++i) {

const double x = (i + 0.5) * step;

sumftid] += 1.0 / (1.0 + x * x);
}

for (int i = 1; i < NTHREADS; ++i) {
sum[0] += sum[i];

}
std::cout << "pi ="

<< 4.0 * sum[@] * step << '\n';
return 0;

1. Initialize storage for per thread partial
sums.

2. Parallelize the loop with an OpenMP
worksharing construct. There is no
need to wait at the implicit barrier.

3. Each thread updates its partial sum in
the allocated storage

4. Primary thread reduces the partial
sums to the final result after the
parallel region.
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PARALLEL 77

A proposed solution:

int main(void)

{
const int nsteps = 100000;
const double step = 1.0 / nsteps;
double sum[NTHREADS] = {0};

const int tid = omp_get_thread_num();

for (int 1 = 0; i < nsteps; ++i) {
const double x = (i + 0.5) * step;
sumftid] += 1.0 / (1.0 + x * X);

1; 1 < NTHREADS; ++i) {
sum[0] += sum[i];

for (int i =

}
std::cout << "pi ="

<< 4.0 * sum[@] * step << '\n';
return 0;

Performance benchmark:

60

50 1

40

20 1

10

Ideal
—e— Measured performance

0 10 20 30 40 50

Threads

What is wrong?

60




FALSE SHARING

A proposed solution:

Recall the cache coherence protocol:

Data layout of sum vector:

0 1 2 3 4 5
Address: 9 4 8 12 16 20

Thread O:
Thread 1:
double sum[NTHREADS] = {0}; Thread 2:

Thread 3:

Cache coherence protocol:

S S S S
sumftid] += 1.0 / (1.0 + x * x);
Bus
0 1 2 3 4 5
Address: @ 4 8 12 16 20
Main Memory

e The choice of storing the partial sums in a contiguous array
is bad because cache lines will be shared among threads.

It creates a lot of pressure on the cache coherence protocol!




FALSE SHARING

A proposed solution:

Recall the cache coherence protocol:

Data layout of sum vector:

0 1 2 3 4 5
Address: 9 4 8 12 16 20

Thread O: False sharing leads to a form of cache
S thrashing similar to conflict misses. They
double sum[NTHREADS] = {0}; | are not the same! False sharing is

Thread 2: frequent replacements of the same cache
thread 3: [ |ine due to the cache coherence protocol.

Cache coherence protocol:

[T:T] [ ] [TFT] [T:T]
| M | |

Bus

sumftid] += 1.0 / (1.0 + x * x);

0 1 2 3 4 5
Address: @ 4 8 12 16 20

Main Memory

e The choice of storing the partial sums in a contiguous array
is bad because cache lines will be shared among threads.
— creates a lot of pressure on cache coherence protocols!




FALSE SHARING

A proposed solution (with padding):

1 Recall the cache coherence protocol:
2
3 Data layout of sum vector:
4 0 1 2 3 4 5
5 int main(void) Address: 9 4 8 12 16 20
6 { . . .
7 const int nsteps = 100000 Thread O: False sharing can be avoided with
_ proper padding for example

8 const double step = 1.0 / nsteps; Thread 1:

double sum[4 * NTHREADS] = {0}; hrend

rea :

Thread 3:

const int tid = omp_get_thread_num(); Cache coherence protocol:
for (int 1 = 0; i < nsteps; ++i) {
const double x = (i + 0.5) * step; M M E
sumf4 * tid] += 1.0 / (1.0 + x * x);
Bus
0 1 2 3 4 5
Address: 0 4 8 12 16 20
for (int i = 1; i < NTHREADS; ++i) { Main Memory
sum[0] += sum[4 * i];
3 e Padding cache lines will ensure threads are not accessing

std::cout << "pi ="
<< 4.0 * sum[@] * step << '\n';

the same cache lines and therefore eliminates false sharing.

return 0;
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FALSE SHARING

A proposed solution (with padding):

int main(void)

{
const int nsteps = 100000;
const double step = 1.0 / nsteps;
double sum[4 * NTHREADS] = {0};

const int tid = omp_get_thread_num();

for (int 1 = 0; i < nsteps; ++i) {
const double x = (i + 0.5) * step;
sumf4 * tid] += 1.0 / (1.0 + x * x);

for (int i = 1; i < NTHREADS; ++i) {
sum[0] += sum[4 * i];

}
std::cout << "pi =
<< 4.0 * sum[@] * step << '\n';

return 0;

Performance benchmark:

60 1

50 1

40

20 1

10 1

————— Ideal /

—e— 8 byte stride ’
16 byte stride S/
32 byte stride /
64 byte stride /s
128 byte stride ’

0 10 20 30 40 50 60

Threads

Cache line on areal system is 64 byte.




1
2
3
4
)
6
7
8

AVOID FALSE SHARING

...by preferring thread private variables when possible!

A better solution to compute

int main(void)

{

const int nsteps = 100000;
const double step = 1.0 / nsteps;
double sum = 0.0;

double local_sum = 0.0;

for (int 1 = 0; i < nsteps; ++i) {
const double x = (i + 0.5) * step;
local_sum += 1.0 / (1.0 + x * Xx);

sum += local_sum;

}

std::cout << "pi =
<< 4.0 * sum * step << '\n';
return 0;
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The preferred OpenMP solution:

int main(void)

{
const int nsteps = 100000;
const double step = 1.0 / nsteps;
double sum = 0.0;

for (int 1 = 0; i < nsteps; ++i) {

const double x =

sum += 1.0 / (1.0 + x * x);

}

std::cout << "pi =
<< 4.0 * sum * step << '\n';
return 0;

Be in favor of thread private variables whenever
possible (easier to achieve if you write code from

scratch).

No synchronization, no race conditions, no false

sharing, code is parallel!

(i + 0.5) * step;



RECAP

e Uniform and non-uniform memory access (UMA and NUMA)

e NUMA first-touch policy is important for efficient memory bank placement of your
data

e To control this, we must control thread affinity

e Cache coherency protocols in shared memory take care that threads have
consistent view of loaded cache lines

e False sharing can happen in multi-threaded execution when multiple threads
request access to the same cache line. This will degrade your performance.

Further reading:

e Sections 2.6.2, 6.4, 6.5 and 6.13 OpenMP API Specification v5.1, OpenMP, 2020 (pdf in git repo as well)
e Section 2.4 in Eijkhout, Introduction to High Performance Scientific Computing, free PDF

e Chapter 25, 29, 30, 31 in Eijkhout, "Parallel Programming for Science and Engineering", free PDF



https://www.openmp.org/spec-html/5.1/openmp.html
https://web.corral.tacc.utexas.edu/CompEdu/pdf/stc/EijkhoutIntroToHPC.pdf
https://web.corral.tacc.utexas.edu/CompEdu/pdf/pcse/EijkhoutParallelProgramming.pdf

