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IntroductionIntroduction

• Next generation protein-ligand docking 
l ith i i ifi tl talgorithms require significantly more compute 

than current approaches
• Accelerators such as those from ClearSpeed p

are one of the most promising ways forward to 
higher performance systems

“My prediction: High performance computing will soon be– My prediction: High performance computing will soon be 
dominated by accelerator-based systems.” – Michael 
Wolfe, The Portland Group

Thi k h b i ti ti i h• This work has been investigating mapping such 
next generation docking algorithms to cutting 
edge, HPC-optimized accelerators
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After all everything will be Petascale soon!After all, everything will be Petascale soon!

RoadRunner
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• Within 7 years everything will be Petascale!
Copyright © 2008 ClearSpeed Technology Inc. All rights reserved. 



Introduction to accelerated systemsIntroduction to accelerated systems

Many systems are already reaching infrastructure limits:
• Data center size• Data center size
• Power supply
• Cooling
Accelerators emerging to significantly increase performance perAccelerators emerging to significantly increase performance per 

(cubic meter, watt)

Tokyo Tech created the first of the new wave of y
accelerated  supercomputers, TSUBAME

• Performance increased from 38 TFLOPS to 56 TFLOPS 
with 648 ClearSpeed Advance™ accelerators
• An increase in performance of 47%, but for just a 2% 
increase in power consumption, 0% increase in space
• #9 in the November 2006 Top500
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Professor Matsuoka standing beside 
TSUBAME at Tokyo Tech
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June 17th 2008 News

Today ClearSpeed, the only company 
designing accelerators specifically for HPC 

introduces a new range of products based on 
our latest accelerator:
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The CSX700 “Callanish” processor



The CSX700 – an accelerator designed for HPCThe CSX700 an accelerator designed for HPC

• ClearSpeed is the only company designing 
l t ifi ll f HPCaccelerators specifically for HPC:

– Focus on 64-bit double precision for high accuracy
– High reliability features designed in
– Low power combined with high performance per watt
– Form factors to fit into the standard blades and servers 

that populate large datacentersp p g

• The CSX700 is the latest accelerator from 
Cl S d d li i bi i iClearSpeed, delivering big increases in:
– Performance,
– Performance per dollar, and
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– Performance per watt
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The CSX700 – “Callanish”
• Processor Cores:

– 192 Processor Elements (2x96)
96 d bl i i GFLOPS

The CSX700 Callanish

– 96 double precision GFLOPS
– 250MHz
– 8 redundant PEs

Error Correction (ECC) on all– Error Correction (ECC) on all 
internal memories

• SoC details:
– Integrated PCI Express x16g p
– 2x integrated ECC DDR2 

memory controller + scrubber
– 2x128 KBytes of SRAM

D i d il• Design details:
– IBM 90nm process
– 256 million transistors

12W M (P M d)
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• 12W Max (Power Managed)
• Officially launching at ISC08



The ClearSpeed AdvanceTM e710 & e720 acceleratorsThe ClearSpeed Advance e710 & e720 accelerators

• Enterprise-class HPC accelerators
• The only accelerators designed to fit into most standard 

servers and bladesservers and blades
– Low power consumption – 25W max; small, light

• Designed for high reliability (MTBF)
– All memory is error protected; no moving parts needed (e.g. fans)y p ; g p ( g )

• 96 Double Precision (D.P.) IEEE 754 GFLOPS peak
– ~4 GFLOPS per watt double precision

• Over 2 GBytes/s between accelerator and host – PCIe x8

www.clearspeed.com 
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y
• No extra power connectors, cooling or space/slots required
• Under $3000 each in volume, launching at ISC08
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The ClearSpeed Accelerated Terascale SystemThe ClearSpeed Accelerated Terascale System

CATS-700 launching at ISC08

• Enterprise-class reliability: 
– Error correct/detect on all memories
– Error correct/detect on all communications

1 152 TFLOPS double precision (64 bit) in 1U• 1.152 TFLOPS double precision (64-bit) in 1U
• 12 Advance™ e710 accelerators 
• 24 GBytes of DDR2 DRAM with SECDED ECC and Scrub
• 96 GBytes/s of DRAM bandwidth
• 400 watts typical power consumption
• Two PCI Express x8 connections to the host (up to 3m long)
• Up to 41 TFLOPS double precision peak in a single rack

– From 36 CATS-700 1U nodes
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• 10X greater peak performance than the fastest dual socket 3GHz 
quad-core servers at the same power consumption



A rack of CATS-700A rack of CATS 700

• Enterprise-class reliability – ECC on all
i b th d ff himemories, both on- and off-chip

• From 18 CATS-700:
• 20.7 TFLOPS double precision
• 432 GBytes of DDR2 with ECC
• 1.73 TBytes/s of DRAM bandwidth
• 7 2 KW typical power consumption7.2 KW typical power consumption

• From 18 3GHz quad core hosts:
• 1.8 TFLOPS double precision

7 2 KW t i l ti• 7.2 KW typical power consumption
• 22.5 TFLOPS double precision total
• 14.4 KW total power consumption
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Next-generation drug docking approaches:
BUDEBUDE

www.clearspeed.com Copyright © 2008 ClearSpeed Technology Inc. All rights reserved. 
11



Peptide Based Elastase Inhibitors: A Case StudyPeptide Based Elastase Inhibitors: A Case Study

Therapy for Emphysema
Peptide libraries (based on a Trypsin inhibitor)

Flexible amino acid side-chains in both protein (receptor) and ligand (peptide)

www.clearspeed.com 

Flexible amino acid side-chains in both protein (receptor) and ligand (peptide)
http://www.clearspeed.com/docs/resources/RSBUDE_WhitePaper.pdf
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BUDE – molecular dockingBUDE molecular docking

• Specifically, protein-ligand docking
– Macromolecule – protein (receptor)
– “Other molecule” – the ligand (peptide)

• Predict the position, orientation and 
interaction energy of a ligand with theinteraction energy of a ligand with the 
receptor

• Used in pharmaceutical research
– To follow virtual screening of large chemical databases

Select and redesign likely drug candidates

www.clearspeed.com 
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– Select and redesign likely drug candidates
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Docking in Drug Discovery: the pipelineDocking in Drug Discovery: the pipeline

Assay (hundreds of 
thousands)

(millions)
Virtual Screening

Structure High 
Throughput 
Screening

(tens of thousands)

D ki (tens to 
hundreds)

Docking
(tens to hundreds) Assay

(hit)

Medicinal Chemistry (hundreds)

(hit)

(lead)

(redesign)

t ti l
Test in cell, in vivo, and formulation

( )

(candidate)

computational experimental
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Clincal Trials (50) Drug (1)
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Need for Next Generation Docking MethodsNeed for Next Generation Docking Methods

Accuracy

Speed

Typical docking 
scoring

functions

Empirical Free 
Energy Forcefield

BUDE

Free Energy 
calculations 

MM1,2 QM/MM3functions BUDE MM QM/MM
Entropy:

solvation No                   Yes                           Yes      
Approx Approx Yesconfigurational

Electrostatics
All atom

Approx           Approx Yes  
?                          Approx Yes 
No                            Yes Yes

www.clearspeed.com 

Explicit solvent No                     No                             Yes
1.  MD Tyka, AR Clarke, RB Sessions, J. Phys. Chem. B 110 17212-20 (2006)

2.  MD Tyka, RB Sessions, AR Clarke, J. Phys. Chem. B 111 9571-80 (2007)

3.  CJ Woods, FR Manby, AJ Mulholland, J. Chem. Phys. 128 014109 (2008)
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Empirical Free Energy Function (atom-atom)Empirical Free Energy Function (atom atom)

ΔGligand binding =ligand binding

ΣN t i ΣNli d

i=1Σ
Nprotein

j=1Σ
Nligand

f(xi,xj)

Parameterised using
experimental data4

www.clearspeed.com 

4 N. Gibbs, A.R. Clarke & R.B. Sessions, "Ab-initio Protein Folding using Physicochemical
Potentials and a Simplified Off-Lattice Model", Proteins 43:186-202,2001
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BUDE AccelerationBUDE Acceleration

START
(input)

Copy receptor & ligand               
coordinates(input) coordinates 

(once)

GA – like, 
energy 

Geometry
(transform ligand)(    )Rx Rxy Rxz Tx

Ryx Ry Ryz Ty

R R R Tminimisation
Energy

( )
Rzx Rzy Rz Tz

Energy of pose

i=1Σ
Nprot

j=1Σ
Nlig

f(xi,xj)
Energy of pose

(output)
END
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Host Processor                   PCI-e Bus                            Advance Card

END

Copyright © 2008 ClearSpeed Technology plc. All rights reserved. 
17



Code examples: Host code – Advance board initializationCode examples: Host code Advance board initialization
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Host code – copy receptor & ligand coordinates to boardHost code copy receptor & ligand coordinates to board
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Host code – Send transformation matrices to boardHost code Send transformation matrices  to board
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Host code – copy energies backHost code copy energies back
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Advance board code: headers & globalsAdvance board code: headers & globals 
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Advance Card code Cn: main()Advance Card code Cn: main()
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Advance Board Code: geometry & energy calculationsAdvance Board Code: geometry & energy calculations
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Advance Board Code: geometry & energy calculationsAdvance Board Code: geometry & energy calculations
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Advance Board Code: geometry & energy calculationsAdvance Board Code: geometry & energy calculations
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Peptide Based Elastase Inhibitors: A Case StudyPeptide Based Elastase Inhibitors: A Case Study

Therapy for Emphysema
Peptide libraries (based on a Trypsin inhibtor)

Flexible amino acid side-chains in both protein (receptor) and ligand (peptide)
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Flexible amino acid side-chains in both protein (receptor) and ligand (peptide)
http://www.clearspeed.com/docs/resources/RSBUDE_WhitePaper.pdf
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Combinatorial peptide librariesCombinatorial peptide libraries 

Putting one of the 20 (natural) amino acids at each of the 5 (red) variable positions 
gives 205 = 3.2 million possible compounds. Chose a library of ~ 1000 peptides

www.clearspeed.com 

Rotamers – flexible sidechains (protein & peptide)
~2 x106 dockings or ~8 x 109 pose calculations 
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Making and testing the peptidesMaking and testing the peptides

Mixed synthesis of these 
40 peptides  

Tested for Inhibitory action 

Mixture has a Kd 10 μM

One peptide with Kd

between 0 25 μM and 10 μM
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between 0.25 μM and 10 μM
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Timings and Scaling (multiple jobs)Timings and Scaling (multiple jobs)

Scaling over boards in CATS node
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21 fold speed up
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Accelerated: (1 host process per Advance board): Red – theoretical 100% scaling        
Blue – Actual scaling (99% efficient)
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Blue Actual scaling (99% efficient)
Non-accelerated: (2 x dual core AMD 2.6 GHz) Green
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Accelerated BUDE resultsAccelerated BUDE results

• Scales linearly across multiple CATS nodes
Ran on 10 CATS nodes simultaneously at SC07– Ran on 10 CATS nodes simultaneously at SC07

• 21x speedup per CATS node measured as wallclock time
compared to a 2.6 GHz, 2 x dual-core x86 serverp ,

• A whole Elastase peptide library calculation took 18 hours 
on ten CATS nodes, compared to the 15 days it would have 
taken on a 2 x dual core x86 system of the same size andtaken on a 2 x dual-core x86 system of the same size and 
power consumption

• The first set of real peptides based on simulations run on p p
CATS have now been synthesized and show potent elastase 
inhibition in the laboratory

• This is a real 64 bit code achieving real world acceleration

www.clearspeed.com 
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• This is a real, 64-bit code achieving real-world acceleration 
and delivering new science
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