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Today

e Branching
— Non-power-of Two
— Divergence
— Granularity

e Algorithms
— Reduction Version 2
— PrefixSums
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Programming Models

Data-parallel
Thread-parallel
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Data-Parallel Approach

« Each thread is responsible for one data item.
* In principle all threads execute the same code.
« Example: gamma correction or filtering of an image
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Task-Parallel Programming

 Possibly independent threads
« Each thread could execute his own code / branch
« Example: Ray-Tracing, one task per ray
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Task-Parallel Programming

 Possibly independent threads
e Each thread could execute his own code / branch

« However, all threads within a warp execute one common
Instruction at atime

 Best performance if all threads within a warp execute
the same branch

 For performance reasons
avoid branching within a warp!

e Align diverging branches with warp boundaries
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Control Flow with Cuda
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CUDA Processor Terminology

« SPA

— Streaming Processor Array (variable across GeForce 8-series, 8 in
GeForce8800)

— Streaming Multiprocessor (8 SP)
— Multi-threaded processor core
— Fundamental processing unit for CUDA thread block

— Streaming Processor
— Scalar ALU for a single CUDA thread

Host

Input Assembler
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Thread Life Cycle iIn HW

e Gridis launched on the SPA

] Host Device
« Thread Blocks are serially
distributed to all the SM’s Grid 1
— Potentially >1 Thread Block per SM Kernel ¥ [ giock || Block || Block
« Each SM launches Warps of ! 0,00 | (L0 | (20
Threads oo Tooce W Biocx
- Block.” | Block ' Bloc
— 2 levels of parallelism 0,4 @y b @1

e SM schedules and executes

Warps that are ready to run {onds
« As Warps and Thread Blocks cernel B 1 ‘
complete, resources are freed >
— SPA can distribute more Thread 1
Blocks d A L I Y
Block (1, 1)
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SM Executes Blocks
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Threads are assigned to SMs in Block
granularity

— Up to 8 Blocks to each SM as resource
allows

— SMin G80 can take up to 768 threads

» Could be 256 (threads/block) * 3
blocks

 Or 128 (threads/block) * 6 blocks,
etc.

Threads run concurrently
— SM assigns/maintains thread id #s

— SM manages/schedules thread
execution
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Thread Scheduling/Execution

Each Thread Blocks is divided in 32-thread | [~ BlockWars | = Block 2 Warps
Warps 0112 .. t31 0 tlt2 .. t31

. : : . NI BB,

— This is an implementation decision, S S

not part of the CUDA programming L] | KKKl | L | <<cecedic<d

model Y |

« Warps are scheduling units in SM

 If 3 blocks are assigned to an SM and
each Block has 256 threads, how many [nstruction Feteh/bispateh
Warps are there in an SM?

— Each Block is divided into 256/32 = 8
Warps

— There are 8 * 3 = 24 Warps

— At any point in time, only one of the

24 Warps will be selected for
instruction fetch and execution.

Streaming Multiprocessor

Shared Memory

P

P
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SM Warp Scheduling

Parallel08 — Control Flow

SM hardware implements zero-

overhead Warp scheduling

— Warps whose next instruction has its
operands ready for consumption are
eligible for execution

— Eligible Warps are selected for execution
on a prioritized scheduling policy

— All threads in a Warp execute the same
instruction when selected

4 clock cycles needed to dispatch
the same instruction for all threads
In a Warp in G80

— If one global memory access is needed for
every 4 instructions

— A minimal of 13 Warps are needed to fully
tolerate 200-cycle memory latency
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Warp

o Group of (32) threads that are

created, managed and Host
executed on a multiprocessor .nputAStemb.e,

e Size can be queried: :

warpSize ! -

e Example code ===
] [ |

Parallel Data Parallel Data Parallel Data Parallel Dat:
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vecure [ ) Trouure [l resure [ rone]

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



brancn bivergence within

« Each warp will execute a single

Instruction at each time H(ist
e Diverging branches will be Input Assembler
serialized

o

« Example code :
L
threads 1,3,5 threads 2,4,6-32 = ==
B O (I

Parallel Data Parallel Data Parallel Data Parallel Dat:
Cache Cache Cache Cache
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Reduction — Versionl
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Example: Parallel Reduction

« Given an array of values, “reduce” them to a single
value in parallel

« Examples
— sum reduction: sum of all values in the array
— Max reduction: maximum of all values in the array

 Typically parallel implementation:
— Recursively halve # threads, add two values per thread
— Takes log(n) steps for n elements, requires n/2 threads
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A Vector Reduction Example

« Assume an in-place reduction using shared memory
— The original vector is in device global memory
— The shared memory used to hold a partial sum vector
— Each iteration brings the partial sum vector closer to the final sum
— The final solution will be in element O
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A Simple Implementation

« Assume we have already loaded array into
__shared _ float partialSum|[];

unsigned Int t = threadldx.X;

// loop log(n) times
for (unsigned Int stride = 1;
stride < blockDim.x; stride *= 2)
{
// make sure the sum of the previous i1teration
// 1s available
__syncthreads();

iIf (t % (2*stride) == 0)
partialSum[t] += partialSum[t+stride];
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Vector Reduction

Array elements ——
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Vector Reduction with Branch
Divergence

Thread 0 Thread 2 Thread 4 Thread 6 Thread 8 Thread 10
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Some Observations

* In each iterations, two control flow paths will be sequentially
traversed for each warp
— Threads that perform addition and threads that do not

— Threads that do not perform addition may cost extra cycles depending on the
implementation of divergence

« No more than half of threads will be executing at any time
— All odd index threads are disabled right from the beginning!
— On average, less than ¥ of the threads will be activated for all warps over
time.
— After the 5% iteration, entire warps in each block will be disabled, poor
resource utilization but no divergence.

« This can go on for a while, up to 4 more iterations (512/32=16= 24), where each
iteration only has one thread activated until all warps retire
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Short comings of the implementation

« Assume we have already loaded array into
__shared__ float partialSum[];

unsigned Int t = threadldx.x;
for (unsigned iInt stride = 1;
stride < blockDim.x; stride *= 2)

{
__syncthreads();

if (t % (2*stride) == 0) /|

partialSum[t] += partialSum[t+stride];

¥ ~_
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Reduction — Version2
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A better implementation

« Assume we have already loaded array into
__shared  float partialSum|[];

unsigned Int t = threadldx.X;
for (unsigned int stride = blockDim.Xx;
stride > 1; stride >> 1)

{
__syncthreads();
if (t < stride)
partialSum[t] += partialSum[t+stride];
}

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



No Divergence until < 16 sub-sums

Thread 0
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Observations About the New

Implementation

 Only the last 5 iterations will have divergence

 Entire warps will be shut down as iterations progress

— For a 512-thread block, 4 iterations to shut down all but one warp in
each block

— Better resource utilization, will likely retire warps and thus blocks
faster

e Recall, no bank conflicts either
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Implicit Synchronization in a Warp

« For last 6 loops only one warp active (i.e. tid’s 0..31)
— Shared reads & writes SIMD synchronous within a warp
— Soskip ___syncthreads() and unroll la ' '

unsigned int tid threadldx.

for (unsigned int d = n>>1; d
__syncthreads();
1T (tid < d)

shared[tid] += shared[

}

__syncthreads();

it (tid <= 32) { // unroll last
shared[tid] += shared[tid
shared[tid] += shared[tid
shared[tid] += shared[tid
shared[tid] += shared[tid +
shared[tid] += shared[tid + 2];
shared[tid] += shared[tid +
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Application: MipMap Construction

« Texture available in multiple resolutions
— Pre-processing step

 Rendering: select appropriate texture resolution
— Selection is usually per pixel !!
— Texel size(n) < extent of pixel footprint < texel size(n+1)




Application: MipMapping

 Multum In Parvo (MIP): much in little

e Hierarchical resolution pyramid Orgnal Toxure
— Repeated averaging over 2x2 texels
— This is vector reduction!

 Rectangular arrangement (RGB)
 Reconstruction

Pre-Filtered Images

\@@@,

— Tri-linear interpolation of 8 nearest texels -
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Typical Parallel Programming Pattern

* log(n) steps

4
iterations -
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Scan / Prefix Sum —
Algorithm Effects on
Parallelism and Memory
Conflicts
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Parallel Prefix Sum (Scan)

e Definition:
The all-prefix-sums operation takes a binary associative operator
® with identity I, and an array of n elements
[ag, @1, -y Q4]
and returns the ordered set
[, a5, (8, ®@ ay), ..., (8, @ 8, ® ... ® a,,)].

« Example:
If @ is addition, then scan on the set

[3170416 3]
returns the set
(034111115162

(From Blelloch, 1990, “Prefix

Sums and Their Applications)
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Applications of Scan

« Scanis asimple and useful parallel building block

— Convert recurrences from sequential :
for(J=1;jJ<n;j++)
out[j] = out[j-1] + T();

— into parallel:

forall(jJ) { temp[j] = Q) };

scan(out, temp);
 Useful for many parallel algorithms:

e radix sort e Polynomial evaluation
e quicksort e Solving recurrences

e String comparison Tree operations

o Lexical analysis Range Histograms

e Stream compaction Etc.
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Scan on the CPU

void scan( float* scanned, float* 1nput, int length)

{
scanned[0] = 0O;
for(int 1 = 1; 1 < length; ++1)

{
scanned[1] = 1nput[i1-1] + scanned[i1-1];
}
}
e Just add each element to the sum of the elements
before it

e Trivial, but sequential
« Exactly n adds: optimal in terms of work efficiency
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A First-Attempt Parallel Scan

Algorithm

In

T0

array in device memory into shared memory array TO.

Each thread reads one value from the input

Thread O writes 0 into shared memory array.

1. Read input from
device memory to
shared memory. Set
first element to zero
and shift others right
by one.
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A First-Attempt Parallel Scan
Algorithm

Ol\ni3\1\7<\\ \?\::’ 1. (previous slide)
To | O 2. lterate log(n)
times: Threads stride

Stride 1 l\).\).‘\).\).\\).‘\).\). to n: Add pairs of

elements stride

T1| O elements apart.
Double stride at each
iteration. (note must
double buffer shared
mem arrays)

teration #1 | |° Active threads: stride to n-1 (n-stride threads)
Setrqdlon_ 1 * Thread | adds elements j and j-stride from TO and
rde = writes result into shared memory buffer T1 (ping-pong)

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



A First-Attempt Parallel Scan

Algorithm

In

3 1 7 0 6 3

°\,\\\\\\\

T0

Stride 1 1\»\»\»\»\»\~\»

T1

Stride 2 Wo
TO | O 3 4 |11 (11|12 | 12 | 11
lteration #2
Stride = 2

1. Read input from

device memory to
shared memory. Set
first element to zero
and shift others right
by one.

. Iterate log(n)

times: Threads stride
to n: Add pairs of
elements stride
elements apart.
Double stride at each
iteration. (note must
double buffer shared
mem arrays)
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A First-Attempt Parallel Scan

Algorithm

n|]3[1]7]o0 6 | 3
0
\\\\\\\\
TO
Stride 1 l\»\»\\»\»\»‘\»\»
T1
Stride 2 MM%O
Tolo [ 3] afufu]a]w]ir]
| T
T1] 0] 3] 41111 ]15]16]22
lteration #3
Stride = 4

1. Read input from

device memory to
shared memory. Set
first element to zero
and shift others right
by one.

. Iterate log(n)

times: Threads stride
to n: Add pairs of
elements stride
elements apart.
Double stride at each
iteration. (note must
double buffer shared
mem arrays)
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A First-Attempt Parallel Scan

Algorithm

o [m[sf[1]7]o 6 | 3
TO
Stride 1 l\»\»\\»\»\»‘\»\»
T1
Stride 2 Mmﬂo
Tolo [ 3] afufu]a]w]ir]
T
Til o] 3] 4 11]11]15]16]22
Vb
out] 0 [ 3] 41111151622

. Read input from

device memory to
shared memory. Set
first element to zero
and shift others right
by one.

. Iterate log(n)

times: Threads stride
to n: Add pairs of
elements stride
elements apart.
Double stride at each
iteration. (note must
double buffer shared
mem arrays)

. Write output to device

memory.
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Work Efficiency Considerations

 The first-attempt Scan executes log(n) parallel
iterations

— The steps do (n/2 + n/2-1), (n/4+ n/2-1), (n/8+n/2-1),..(1+ n/2-1)
adds each

— Total adds: n * (log(n) — 1) + 1 = O(n*log(n)) work

« This scan algorithm is not very work efficient
— Sequential scan algorithm does n adds
— A factor of log(n) hurts: 20x for 106 elements!

A parallel algorithm can be slow when execution
resources are saturated due to low work efficiency
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Balanced Trees

« For improving efficiency
« A common parallel algorithm pattern:

— Build a balanced binary tree on the input data and sweep it to and from the
root

— Tree is not an actual data structure, but a concept to determine what each
thread does at each step

e For scan:
— Traverse down from leaves to root building partial sums at internal nodes
in the tree
 Root holds sum of all leaves
— Traverse back up the tree building the scan from the partial sums
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Build the Sum Tree

Assume array is already in shared memory
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Build the Sum Tree

T 3 1 V4 0 4 1 6 3
v Y Y Y
Stride 1 \t \>$ \>$ \t lteration 1, n/2 threads

T 3 4 7 7 4 S 6 9

Iterate log(n) times. Each thread adds value stride elements away to its own value
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Build the Sum Tree

T 3 1 ! 0 4 1 6 3
Stride 1 \‘ \‘ \>‘ \\‘
4 ¥ ¥ ¥

T 3 4 ! I 4 5 6 9
Stride 2 \-)é \-)é
T 3 4 4 11 4 5 6 14

lteration 2, n/4 threads

Iterate log(n) times. Each thread adds value stride elements away to its own value
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Build the Sum Tree

T 3 1 7 0 4 1 6 3

\ N7 ¥ VY

Stride 1 \Q \>. \>. \\>C
¥ v v

T 3 4 7 7 4 5 6 9

Y

Stride 2 \-)3 \é
T 3 4 11 | 4 5 6 | 14
Stride 4 >¢
T 3 4 11 | 4 5 6 | 25

Iteration log(n), 1 thread

Iterate log(n) times. Each thread adds value stride elements away to its own value.

Note that this algorithm operates in-place: no need for double buffering
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Zero the Last Element

We now have an array of partial sums. Since this is an exclusive scan,
set the last element to zero. It will propagate back to the first element.
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Build Scan From Partial Sums

T 3

4

-

11

4

5

6

0
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Build Scan From Partial Sums

T 3 4 /7 |11 | 4 S 6 0

Stride 4 w‘ Iteration 1

-

e ¥ 1 thread
T 3 4 4 0 4 5 6 11

Iterate log(n) times. Each thread adds value stride elements away to its own value,
and sets the value stride elements away to its own previous value.
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Build Scan From Partial Sums

T 3 4 /7 |11 | 4 S 6 0

stride4  __==== =

an v
T 3 4 7 0 4 S) 6 | 11
/”—V /”-—W i
Stride 2 >\>. . q  lteration 2
Y ¥ Y ¥ 2 threads

T | 3 0 7 4 4 |11 | 6 | 16

Iterate log(n) times. Each thread adds value stride elements away to its own value,
and sets the value stride elements away to its own previous value.
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Build Scan From Partial Sums

T | 3
Stride 4

T | 3
Stride 2

T | 3

Iteration log(n)
n/2 threads

Stride 1 S

—
O K

Done! We now have a completed scan that we can write out to device memory.

Total steps: 2 * log(n).
Total work: 2 * (n-1) adds = O(n) Work Efficient!
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Now the Inverse Direction

25

We now have an array of partial sums. Let’'s propagate the sums back.
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Build Scan From Partial Sums

T 3 4 7 4 S 6 | 25

11
Stride 8 —> no operation
T 3 4 /7 | 11

Iterate log(n) times. Each thread adds value stride elements away to its own value.
First element adds zero.
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Build Scan From Partial Sums

T |3 |4 |7 |11 5 25
Stride 8 9*

T |3 |4 | 7 |11 4 | 5 25
Stride 4\-)é \-)é

T |3 1|4 | 7|11 16 25

lteration 2
2 threads

lterate log(n) times. Each thread adds value stride elements away to its own value.
First element adds zero.
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Build Scan From Partial Sums

T | 3 4 /7 |11 | 4 5 6 | 25

StrideS\ 9?

T | 3 4 /7 |11 | 4 5 6 | 25
Stride4\>é \é

T | 3 4 /7 |11 ] 4 |16 | 6 | 25

¥ 0% :
Stride 2 @ \\). \)‘ \,‘ Iteration log(n)
\ \ \ y n/2 threads

T 3 4 |11 |11 | 15|16 | 22 | 25

Done! We now have a completed scan that we can write out to device memory.

Total steps: 2 * log(n).
Total work: <2 * (n-1) adds = O(n) Work Efficient!
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Typical Parallel Programming Pattern

 2log(n) steps

log(n)
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Typical Parallel Programming Pattern

 2log(n) steps

"I
v I
o
I
BN BN BN

" N N N B B B
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Application to Large Arrays

Scan Block 0 Scan Block 1 Scan Block 3

.

Store Block Sum to Auxiliary Array _
|

Add Scanned Block Sum ito All / + \
Values of Scanned Block i+ 1 / i

1

v

dueocana

Final Arr.

[Mark Harris]
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Bank Conflicts in Scan
- Non-power-of-two -

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



Initial Bank Conflicts on Load

e Each thread loads two shared mem data elements

« Tempting to interleave the loads
temp[2*thid] = g_1idata]2*thid];
temp[2*thid+1] = g_idata[2*thid+1];

e Threads:(0,1,2,...,8,9,10,...)>banks:(0,2,4,...,0,2,4,...)

« Betterto load one element from each half of the array
temp[thid] = g_tdata[thid];
temp[thid + (n/2)] = g_i1dataJthid + (n/72)];
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Bank Conflicts in the tree algorithm

« When we build the sums, each thread reads two shared
memory locations and writes one:

« Th(0,8) access bank 0

Bank: 1123|4567 |8|9|10|11]12]13]|14]15 1|2 ..
311(7{014(1|6|3 8121013131914 |5|7]...
2|3 |4a|5]|6]7 9 [10]| 12 1415|021 |2]..
71714 |15(61|9 13 2 111014 |9 |7|...

)
8
) 2

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



Bank Conflicts in the tree algorithm

« When we build the sums, each thread reads two shared
memory locations and writes one:

e Th(1,9) access bank 2, etc.

Bank: | o | 1 3|4 |5|6|7|8]9|1w0|11]|12(13]14]|15] 0] 1
311(7{014(1|6|3 8121013131914 |5|7]...
ol1|l2(3|a|5]|6]|7 9 [10]| 12 1415|021 |2]..
3(4|7|7]|4|5(6]9 13 2 111014 |9 |7|...

)
8
) 2
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Bank Conflicts in the tree algorithm

e 2ndjteration: even worse!
— 4-way bank conflicts; for example:
Th(0,4,8,12) access bank 1, Th(1,5,9,13) access Bank 5, etc.

Bank: | o 2 3|4|5|6|7|8|9|10|11|12]|13[14]|15]| 0 2

3(4|7(4|4|5(6|9(51(13|2(2|3|(6|1(10(4|9(7]...
ol1|2|3|4|5|6|7|8|9|10|11|12]|13|14|25|0 | 1] 2]..
3(4|7(11{4|5(61|14,51(13|2 (153 |6|1|16(4 |9 |7
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Bank Conflicts in the tree algorithm

« We can use padding to prevent bank conflicts
— Just add a word of padding every 16 words:

e No more conflicts!

Bank: o123 |a4|5|6| 7|89 |10]12|12|13]14]15 11213

3{1(7|10(4(1|16|3(5(8[2(0|3]|3
o|1|2]|3]a|5]6|7|8]09]10]1u

119 4 |15|7|...
3|14 |15 1]2]3]..

3(4|7|7|14|5|6[]9|5(13|2|2|3|6|1)|10 41917

12 | 1

Now, within a 16-thread half-warp, all threads access different banks.

(Note that only arrows with the same color happen simultaneously.)
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Use Padding to Reduce
Canflicts

« This is asimple modification to the last exercise

 After you compute a shared mem address like this:
Address = 2 * stride * thid;

« Add padding like this:

Address += (Address >> 4); // divide by NUM BANKS

e This removes most bank conflicts
— Not all, in the case of deep trees
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Scan Bank Conflicts (1)

A full binary tree with 64 leaf nodes:

Scale (s) | Thread addresses

1 0|l2]4]6[8[10]12]14]16][18[20[22]24]26]28[30(32]|34]36[38[40|42]|44]|46[48[50[52]|54]|56[58[60]62]|
2 0|4]8]12[16]20]24]28]32[36]40]44[48[52]56]60
4 0] 8]16]24[32]40] 48] 56
8 0 [16]32] 48
16 0[32
32 0
Conflicts |Banks
2way [O0]2[4]6 10]12 0246F10%q0|2|4|6-10|12-0|2|4|6-10|12-
4way [0[4 12/ 0| 4 |98 12 0 4H12 04 12
4-way 0 0 0 0
4-way 0[f0]0]O
2-way 0]0
None 0

 Multiple 2-and 4-way bank conflicts

« Shared memory cost for whole tree
— 1 32-thread warp = 6 cycles per thread w/o conflicts
 Counting 2 shared mem reads and one write (s[a] += s[b])
— 6 *(2+4+4+4+2+1) = 102 cycles
— 36 cycles if there were no bank conflicts (6 * 6)
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Scan Bank Conflicts (2)

Scale (s) Thread addresses

2
4

8
16
32
64

It's much worse with bigger trees!

A full binary tree with 128 leaf nodes
— Only the last 6 iterations shown (root and 5 levels below)

Conflicts | Banks

4-way
8-way
8-way
4-way
2-way
None

Cost for whole tree:
—  12*2 + 6*(4+8+8+4+2+1) = 186 cycles
— 48 cycles if there were no bank conflicts! 12*1 + (6*6)

0[4]8]12]|16[20]24]|28[32][36]40|44[48]|52|56[60]64]|68|72[76]80]84]88][92]96|100{104|108|112[116][120]|122]
0| 8[16[24]32]40[48]56]64]72]80]88]96[104[112]120

0]16[32[48]|64]80]96[112

0[32]64]96

0|64

0

04 12] 04 2] 04 12] 0] 4 12]o0]4 8 12J o4 8 12] o4 8 12] o] 4 8N 10]
0 0 0 0 0 0 0 0

oJlo[of[oJofJofo]oO

oJofofo

0]o

0
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Scan Bank Conflicts (3)

o A full binary tree with 512 leaf nodes
— Only the last 6 iterations shown (root and 5 levels below)

Scale (s) |Thread addresses

8 0 |16]32] 48] 64|80 96 [112|128|144|160|176|192(208|224|240]|256]|272]|288|304]|320|336|352|368| 384|400 416]|432]|448]|464]|480]|496|
16 0 | 32| 64 [ 96 [128]|160[192(224]|256(288[320|352|384[416|448]|480
32 0 | 64 [128[192|256]320[384|448
64 0 |128[256(384
128 0 |256
256 0
Conflicts  Banks
16way [O0]of[ofoJoJof[o|JoJofo|loJofof[oJoJof[o]oJofo|JoJoJo|JoJoJof[o]oJofo|o]oO]
16way [O0]ofofoJoJofoJoJofo|JoJofofo]oOo]O
8-way oJo[ofoJofJofo]oO
4-way 0[0]0]0O
2-way 010
None 0

« Cost for whole tree:
—  48*2+24*4+12*8+6* (16+16+8+4+2+1) = 570 cycles
— 120 cycles if there were no bank conflicts!
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Fixing Scan Bank Conflicts

 Insert padding every NUM_BANKS elements

const 1nt LOG _NUM BANKS = 4; // 16 banks
int tid = threadldx.Xx;

int s = 1;

// Traversal from leaves up to root

for (d = n>>1; d > 0; d >= 1)

{
1T (thid <= d)
{
Int a = s*(2*tid); Int b = s*(2*ti1d+1)
a += (a >> LOG_NUM BANKS); // insert pad word
b += (b >> LOG_NUM_BANKS); // insert pad word
shared[a] += shared[b];
+
by
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Fixing Scan Bank Conflicts

A full binary tree with 64 leaf nodes

Leaf Nodes Scale (s) Thread addresses

64 1 o[2]4]6|8[10]12]14]27[19]|21]|23[25[27]|29]|31[34|36]|38|40[42]44]|46]|48[51|53]|55|57[59]61]63]|
2 0|4]|8]12]17]21]25]29][34]38]42]46][51]55[59]63
4 0|8 [17]|25]34]42]|51]59
8 0 [17[34]51
16 0|34 |:|: Padding inserted
32 0
Conflicts |Banks
None 10]12 35.9“2|4|6-10|12-O|3|5-9-13-
None 5[9 26 ]10 3
None 2110 3
None
None
None

* No more bank conflicts!
— However, there are ~8 cycles overhead for addressing
 For each s[a] +=s[b] (8 cycles/iter. * 6 iter. = 48 extra cycles)
— So just barely worth the overhead on a small tree
o 84 cycles vs. 102 with conflicts vs. 36 optimal
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Fixing Scan Bank Conflicts

A full binary tree with 128 leaf nodes
Only the last 6 iterations shown (root and 5 levels below)

Scale (s) Thread addresses

2 o 4] 8] 12a7]21] 25| 29 |34]38[42|46]| 51| 55 | 59 | 63 [68]72]|76[80[85]|89]|93[97[102] 106] 110|114 [119] 123|127 131|
4 o] 8 [17] 25 [34]42] 51 | 59 [68]76]85]93|102|110[119]127
8 0/17{34] 51 |68]85[102|119
16  |0]|34[68]102
32 0|68 |:|= Padding inserted
64 |0
Conflicts |Banks
None [0]4 T HE 2610%3 [12] 0] 5] 9] 6 J10]14] 2 [ 7 J31]15] 3 |
None [0 9 | 2]10] 3 412] 5 6 |14
None |O 2 3 |4(5]| 6
None [Of 2] 4] 6
None |0Of 4
None |0

« No more bank conflicts!
Significant performance win:
106 cycles vs. 186 with bank conflicts vs. 48 optimal

Parallel08 — Control Flow

Hendrik Lensch and Robert Strzodka



Fixing Scan Bank Conflicts

o A full binary tree with 512 leaf nodes
— Only the last 6 iterations shown (root and 5 levels below)

Scale (s) Thread addresses
8 [0]17|34]51|68]85[102]119[136]153[170] 187|204 221|238 255|272 289|306 323|340 357|374 391|408 [425]442[459]476[493]|510(527 |
16 |0] 34| 68 |102[136|170] 204|238 272[306]340] 374|408 |442|476]510
32 |0] 68 [136[204]272]340(408[476
64 |0]136]272]408

0

0

128 272 I:lz Padding inserted
256

Conflicts Banks
None |0
2-way (0O
2-way |0
2-way |0
0

0

6 9 J10 12 14 OB 23456 78N o[ 12][18]14]15]
2|14[o]2]4a]s6 1

0]12) 14
12

2-way
None

 Wait, we still have bank conflicts
— Method is not foolproof, but still much improved
— 304 cycles vs. 570 with bank conflicts vs. 120 optimal

« Butit does not pay of to optimize for the rest. Address
calculations are getting too expensive

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



Prefix Sum Application
- Range Histogram -
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Range Histogram

A histogram calculate the occurance of each value in an
array.

hii] =31 JI={l vl =1}
« Range query: number over elements in interval [a,b].

 Slow answer:
hrange = O;
for (1 = a; 1<=b; ++1)
hrange += h[1];
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Fast Range Histogram

« Compute prefix sum of histogram

e Fast answer:
hrange = pref[B] — pref[A];

= > li]- > hli]= Y. hli]

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



Prefix Sum Application
- Summed Area Tables -
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Summed Area Tables

 Per texel, store sum from (0O, O0) to (u, v)

A B

B
« Many bits per texel (sum !)

 Evaluation of 2D integrals in constant time!
Ax Ay

”I(x,y)dxdy=A—B—C+D

BxCy
::::::FIIIIE(S
D

Parallel08 — Control Flow Hendrik Lensch and Robert Strzodka



Summed Area Table with Prefix Sums

 One possible way:
« Compute prefix sum horizontally

e ...then vertically on the result
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Prefix Sum Application
- Compaction -
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Parallel Data Compaction

e Given an array of marked values
3 1 7 4 2 1 5 6 31

‘OB 0(0(0|0 00
e Output the compacted list of marked values
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Using Prefix Sum

o (Calculate prefix sum on index array
3 1 7 4 2 1 5 6 3 1

0 JH O

0

0

0 0

011]1]2

2

2

0

21213

3

 For each marked value lookup the destination index in

the prefix sum

« Parallel write to separate destination elements
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Summary

e Parallel Programming requires careful planning
— of the branching behavior
— of the memory access patterns
— of the work efficiency

e Vector Reduction
— branch efficient
— bank efficient

e Scan Algorithm
— based in Balanced Tree principle:
bottom up, top down traversal
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