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Outline 

•  Introduction and motivation 
•  The Kinetics Pre-Processor (KPP) 
▫  Rosenbrock solver 

•  Emerging multi-core architectures 
▫  Cell Broadband Engine Architecture (CBEA) 
▫  NVIDIA GTX 200 Architecture 
▫  Intel Quad-core Xeon 5400 series 

•  Case Study: RADM2 chemical mechanism from WRF/Chem 
•  Future Work 
▫  Multi-core KPP 
▫  Accelerated function offloading 
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GOAL: A “cross-
platform” multi-core 

integrator for 
chemical kinetics 



Chemical Kinetics Models 
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•  Air Quality 
▫  WRF/Chem 
▫  CMAQ 
▫  STEM 

•  Wildfire 
▫  WRF/Fire 

•  Climate Change 
▫  GEOS/Chem 



Chemical kinetics dominate computational time 
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GEOS/Chem Computational Time: 
One Xeon core 

GEOS/Chem Computational Time: 
Eight Xeon cores 

Embarrassingly 
parallel on a 
regular fixed grid 



The Kinetics Pre-Processor (KPP) 

•  Generates C, Fortran or 
MATLAB code to compute: 
▫  the time-evolution of 

chemical species, 
▫  the Jacobian, 
▫  the Hessian, etc. 

•  Includes a library of 
widely-used solvers 
▫  Rosenbrock 
▫  Runge-Kutta, etc. 

•  Used by several models 
▫  WRF/Chem 
▫  GEOS/Chem 
▫  STEM 
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The KPP-generated n-stage Rosenbrock solver for 
chemical kinetics 

•  Sparse implementation 
•  Trades precision for speed 

when reasonable 
•  Typically outperforms 

backwards differentiation 
formulas (SMVGEAR) 

•  The Jacobian is generally 
inseparable 
▫  the solver itself cannot be 

parallelized, 
▫  but certain operations are 

highly parallel 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart

€ 

Compute error term E

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)



Peak performance of multi-core architectures  

Gigaflops PowerXCell 8i Cell B.E. Tesla C1060 Xeon 5400 Series 

Single (per watt) 230.4 (2.5) 230.4 (2.5) 933.0 (3.95) 48.0 (0.53)  

Double (per watt) 115.2 (1.25) 21.03 (0.22) 76.0 (0.38) 48.0 (0.53) 

Max for 200 watts 460.8 460.8 933.0 96.0 
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Intel Quad-core Xeon 5400 series: a general-
purpose, widely-available multi-core architecture 

•  5400 series “Harpertown” 
▫  General-purpose x86 cores 
▫  Intel 64 architecture 
▫  SSE4 Extensions 
▫  Program with OpenMP, MPI, 

pthreads, etc. 
▫  48 gigaflops peak 
•  0.53 per watt 
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Core 16KB 
L1 

Core 16KB 
L1 

6MB L2 Cache 

Core 16KB 
L1 

Core 16KB 
L1 

6MB L2 Cache 



Cell Broadband Engine CPU Architecture (CBEA): a 
heterogeneous high-performance architecture 

•  PowerXCell 8i 
▫  1 dual-thread PowerPC 
▫  8 accelerators (SPEs) 
•  128-bit vector processor 
•  256KB software-controlled 

local storage 
•  DMA engine (MFC) 

▫  Element Interconnect Bus 
•  204.8GB/second 

▫  230.5 SP gigaflops 
•  2.5 per watt 

▫  115.25 DP gigaflops 
•  1.25 per watt 
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NVIDIA GTX 200 GPGPU: a versatile floating-point 
accelerator architecture 

•  NVIDIA Tesla C1060 
▫  4GB GDDR3 RAM 
▫  30 multiprocessors, each with: 
•  8 SP cores 
•  1 shared DP unit 
•  16kb shared memory 
•  16kb register file 

▫  933 SP gigaflops 
•  3.95 per watt 

▫  76 DP gigaflops 
•  0.76 per watt 

•  Programmed with CUDA 
▫  C/C++ extension 
▫  NVIDIA proprietary 
▫  Architecture abstracted 
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Let’s compare these architectures… 

Quad-core Xeon CBEA GTX 200 

# threads 4 10 Thousands 

Heterogeneity None On-chip Host/device 

SIMD cardinality 4 4 32 (warp size) 

Per-core memory 3-6MB 256KB 16KB 

# address spaces 1 2 2 

# memory types 1 2 6 

Mem. hierarcy ctl. Fully implicit Fully explicit Mixed 

Data alignment Optional Required Encouraged 
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•  Leverage SIMD ISAs with different cardinalities 
•  Track data movement across multiple address spaces 
•  Use each type of memory to best effect 
•  Avoid inefficient access patterns  



Case study: RADM2 from WRF/Chem 

•  59 species, 156 reactions 
•  ~15KB of data per grid cell 
•  3-stage KPP-generated Rosenbrock integrator 
•  See http://ruc.fsl.noaa.gov/wrf/WG11/radm2.htm 
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RADM2 on Intel Quad-core Xeon 
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for j=1,2,…

 for k=1,2,…

  for i=1,2,…

   INTEGRATE()

   {


}


#pragma omp parallel for \

 default(none) \

 private(j,k,i,…) \

 shared(chem,moist,phy,…)

for j=1,2,…

 for k=1,2,…

  for i=1,2,…

   INTEGRATE()

   {

    ...

   }


3.5x faster 
than serial 

Fortran 



SPE 

RADM2 on the CBEA: scalar master-worker 
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SPU 
Core 

256KB 

MFC 

PPU 
Core 

L1 
Cache 

L2 Cache 

SPU 
Core 

256KB 

MFC 

... 

Large buffer of grid 
cells as user-defined 
type: cell_t


PPE 

SPE 

10x faster 
than serial 

Fortran 



Vectorized n-stage Rosenbrock solver 
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 !"# About This Document xxi 

 

 C/C++ Language Extensions for Cell Broadband Engine Architecture, Version 2.6 

Conventions Used in This Document 

Bit Notation 

Standard bit notation is used throughout this document. Bits and bytes are numbered in ascending order from left to 

right. Thus, for a 4-byte word, bit 0 is the most significant bit and bit 31 is the least significant bit, as shown in the 

following figure: 

M
S

B
 

LS
B

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

  
MSB = Most significant bit 

LSB = Least significant bit 

Notation for bit encoding is as follows: 

! Hexadecimal values are preceded by 0x. For example: 0x0A00. 

! Binary values in sentences appear in single quotation marks. For example: ‘1010’. 

Byte Ordering and Element Numbering 

Byte ordering and element numbering are always displayed in big-endian order, as shown in Figure  1-1. 

Figure  1-1: Big-Endian Byte/Element Ordering for Vector Types 

 

Other Conventions 

The following typographic conventions are used throughout this document: 

Convention Meaning 

courier Indicates programming code and literals, such as processing instructions, register 

names, data types, events, and file names. Also indicates function and macro 

names. This convention is only used where it facilitates comprehension, especially 

in narrative descriptions. 

courier + 

italics 

Indicates arguments, parameters, and variables. This convention is only used 

where it facilitates comprehension, especially in narrative descriptions. 

italics (without 

courier) 

Indicates emphasis. Except when hyperlinked, book references are in italics. 

When a term is first defined, it is often in italics. 

blue Indicates a hyperlink (color printers or online only). 



Vectorized n-stage Rosenbrock solver 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart

€ 

Compute error term E

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart

€ 

Compute error term E

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Vector element 1 Vector element 2 



Vectorized n-stage Rosenbrock solver 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)



RADM2 on the CBEA: vector master-worker 
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SPU 
Core 

256KB 

MFC 

PPU 
Core 

L1 
Cache 

L2 Cache 

SPU 
Core 

256KB 

MFC 

... 40x faster 
than serial 

Fortran 



RADM2 on the CBEA: Future work 

•  Only one PPE thread.  Three unused hardware threads! 
•  No dynamic branch prediction. 
•  Store constant data in only one local store. 
•  Use intrinsic operations whenever possible. 
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RADM2 on CUDA: one-thread-per-cell 

•  The GPU device is a co-
processor to the CPU host. 

•  The device runs many 
lightweight threads. 

•  Threads execute kernels.   
•  Threads are grouped into 
blocks. 

•  Blocks are aggregated into 
a grid.  

•  Blocks are processed as 
SIMD groups of threads 
called warps. 

Thread 

Per-thread  
local memory 

Per-block  
shared memory 

Thread Block 

… 

Grid 

Device memory 
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RADM2 on CUDA: one-kernel implementation 

Thread 

INTEGRATE() 

UNUSED 

Thread Block 

… 

Grid 

Device memory 
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2.2x faster 
than serial 

Fortran 



RADM2 on CUDA: multi-kernel implementation 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Thread 

Per-thread  
local memory 

Per-block  
shared memory 

Thread Block 

… 

Grid 

Device memory 

An optimized kernel 
is defined for each 
operation. 

Device Host 



RADM2 on CUDA: multi-kernel implementation 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Thread 

Per-thread  
local memory 

Per-block  
shared memory 

Thread Block 

… 

Grid 

Device memory 

Block size, grid 
size, etc. are 
optimized for each 
kernel 

Device Host 



RADM2 on CUDA: multi-kernel implementation 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Thread 

Per-thread  
local memory 

Per-block  
shared memory 

Thread Block 

… 

Grid 

Device memory 

Whole-domain 
reductions are done 
on the host 

Device Host 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew
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For s← 1,2,…,n
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While t ≤ tend

€ 

Solve for Stages implicitly using G
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Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Thread 
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€ 

Initialize k(t,y) from starting concentrations and meteorology (ρ,  t,  q,  p)

€ 

Initialize time variables t ← tstart ,  h← 0.1× (tend − tstart )

€ 

Fcn0← Fcn← f (t,y)

€ 

G← LU_DECOMP( 1
hγ

− Jac0)

€ 

Jac0← J(t,y)

  

€ 

Compute Ynew from Stage1…s

€ 

If E ≥ δ then discard iteration, reduce h,  restart
  

€ 

Compute error term E = max(E1,E2,…,Evn )

€ 

Otherwise, t← t + h and proceed to next step

€ 

Finish : Result in Ynew

  

€ 

For s← 1,2,…,n

€ 

While t ≤ tend

€ 

Solve for Stages implicitly using G

  

€ 

Update Fcn from Stage1…s

  

€ 

Compute Stage
s
 from Fcn and Stage1…(s-1)

€ 

Update k(t,y) with meteorology (ρ,  t,  q,  p)

Thread 

Per-thread  
local memory 

Per-block  
shared memory 

Thread Block 

… 

Grid 

Device memory 

Store error term for 
each cell.  Mask off 
converged cells. 

Device Host 



Performance: WRF/Chem RADM2 mechanism 
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Summary analysis and comparison 

PowerXCell 8i (CBEA) Tesla C1060 (GTX 280) 

☺  Explicitly-managed memory 
hierarchy and “large” on-chip 
memory results in good 
performance. 
☹  The lack of high-level language 

features, mature tools, and 
support make the CBEA hard to 
program. 
☹  A good understanding of the 

CBEA is required. 

☹  Small on-chip memory and high 
memory latency results in 
disappointing performance. 
☺  CUDA makes GPGPU 

programming easy and intuitive. 
☺  A good understanding of the 

GTX 200 architecture is strongly 
encouraged. 
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Future Work 

•  Find common features and 
describe them to the code 
generation routines 
▫  Instruction cardinality 
▫  Memory access patterns 

•  Use solvers from RADM2 
case study as a generic 
template 

•  Already can do SAPRC… 

•  IBM Dynamic Application 
Virtualization (DAV) 
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Multi-core KPP Accelerated function offloading 

Abstraction 
library 

Application 
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http://www.mmm.ucar.edu/wrf/WG2/GPU/Chem.htm 


