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Amdahl’s law overrides Moore’s law!

Let TS be the time spent on all operations and moves in serial
Let p be the number of processors operating in parallelLet p be the number of processors operating in parallel
Let f  be the fraction of operations performed in parallel
Then the time for processing in parallel T is given by:Then the time for processing in parallel, TP , is given by:

TP ≥ TS x  [ (1-f )+ f / p ]



How much is an Exaflop?

3 x 1011 stars 

1 Exaflop = 1018 32-bit floating point operations per second

1018 ≈ number of stars in 3 million milky way galaxies



Pushing the Flops envelope:

Performance [TFlops] = 0.055e0.622(year-1993)
~100s PFlops

SKAΦ1

Cornwell and van Diepen “Scaling Mount Exaflop: from the pathfinders to the Square Kilometre Array” http://www.atnf.csiro.au/people/Tim.Cornwell/MountExaflop.pdf



Notes: [1] MACs ≠ FLOPs;
[2] Lines for ASIC and FPGA are for devices only
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CPU cabinets for ~1 petaflop Cray Jaguar
occupy 560+ square metresoccupy 560  square metres



Satellite view of data centre building:
chillers on roof; ~1,000 square metres per floorchillers on roof; 1,000 square metres per floor

B ildi t f d t t €10 000 tBuilding cost for data centres: ~€10,000 per square metre
Include power, (-H)VAC, data storage, telecommunications, security ...
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Dynamic range:
historical progress and target for SKA Phase 1:historical progress and target for SKA Phase 1:
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Smirnov: “Luxury Problems of High Dynamic Range Imaging” SKA 2010
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2001 algorithm performance:

T. Cornwell “EVLA Memo 24: Computing for EVLA Calibration and Imaging”, 2001 January12
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At first order, only a few key parameters
define Phase 1 computing:

Description Assumption or Derivation Reference Units Dishes D+WBSPFs Sparse Aas Sum

define Phase 1 computing:

Description Assumption or Derivation Reference Units Dishes D WBSPFs Sparse Aas Sum
Maximum baseline length 2 x maximum radius of 100 km SKA_phase1_definition_v0 1 metres 200.0E+3 200.0E+3

Dish or station diameter SKA_phase1_definition_v0 1 metres 15 180 
Number of dishes or stations n SKA_phase1_definition_v0 1 250 50 
Number of unique baselines Calculated: n (n ‐1)/2 31,125 1,225 

Maximum frequency of operation SKA_phase1_definition_v0 2 Hertz 2.0E+9 450.0E+6
Minimum frequency of operation Only one Feed available at a time SKA_phase1_definition_v0 2 Hertz 1.0E+9 70.0E+6

Fractional bandwidth Astro2010; DRM 1.0 1.0 
Instantaneous bandwidth (Max freq - Min freq) x Fractional bandwidth SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+9 380.0E+6

Frequency resolution SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+3 1.0E+3
Number of frequency channels SKA_phase1_definition_v0 2 67.0E+3 67.0E+3

Number of beams formed per dish or station SKA_phase1_definition_v0 1 1 480 
Number of polarisation products 4 4 

N b f fl t l fl t 2 2Number of floats per complex float 2 2 

Calculated parameter for use in Smearing (Maximum baseline length) / (Dish or station diameter) 13.3E+3 1.1E+3
SKA_phase1_definition_v0 2 Hertz 5.0E+0 250.0E-3



Estimated hardware for Phase 1 ranges
into hundreds of petaflops

Description Assumption or Derivation Reference Units Dishes D+WBSPFs Sparse Aas Sum

into hundreds of petaflops

Description Assumption or Derivation Reference Units Dishes D WBSPFs Sparse Aas Sum
Maximum baseline length 2 x maximum radius of 100 km SKA_phase1_definition_v0 1 metres 200.0E+3 200.0E+3

Dish or station diameter SKA_phase1_definition_v0 1 metres 15 180 
Number of dishes or stations n SKA_phase1_definition_v0 1 250 50 
Number of unique baselines Calculated: n (n ‐1)/2 31,125 1,225 

Maximum frequency of operation SKA_phase1_definition_v0 2 Hertz 2.0E+9 450.0E+6
Minimum frequency of operation Only one Feed available at a time SKA_phase1_definition_v0 2 Hertz 1.0E+9 70.0E+6

Fractional bandwidth Astro2010; DRM 1.0 1.0 
Instantaneous bandwidth (Max freq - Min freq) x Fractional bandwidth SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+9 380.0E+6

Frequency resolution SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+3 1.0E+3
Number of frequency channels SKA_phase1_definition_v0 2 67.0E+3 67.0E+3

Number of beams formed per dish or station SKA_phase1_definition_v0 1 1 480 
Number of polarisation products 4 4 

N b f fl t l fl t 2 2Number of floats per complex float 2 2 

Calculated parameter for use in Smearing (Maximum baseline length) / (Dish or station diameter) 13.3E+3 1.1E+3
SKA_phase1_definition_v0 2 Hertz 5.0E+0 250.0E-3

Assume pipeline processing in near realtime
Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83 4E+9 78 8E+9 162 2E+9Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83.4E+9 78.8E+9 162.2E+9
Required flops per float - optimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 100,000 100,000 

Required flops per float - pessimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 400,000 400,000 

Required flops - optimistic 8.3E+15 7.9E+15 16.2E+15
Required flops - pessimistic 33.4E+15 31.5E+15 64.9E+15

Estimated HPC efficiency - optimistic Refer to [A] at bottom  of this colmn 20091116 news release from Cray 50% 50%
Estimated HPC efficiency - realistic Refer [B] at bottom of this column Hoisie et al; DOI: 10.1177/109434200001400405 10% 10%

Required HPC flops - optimistic Calculated 16.7E+15 15.8E+15 32.4E+15
Required HPC flops - pessimistic Calculated 333.7E+15 315.2E+15 648.8E+15



CPG Memo 3 (2009-11-6) confirms
requirements for extreme scale computing:requirements for extreme scale computing:



One driver: smearing <2%

Description Assumption or Derivation Reference Units Dishes D+WBSPFs Sparse Aas SumDescription Assumption or Derivation Reference Units Dishes D WBSPFs Sparse Aas Sum
Maximum baseline length 2 x maximum radius of 100 km SKA_phase1_definition_v0 1 metres 200.0E+3 200.0E+3

Dish or station diameter SKA_phase1_definition_v0 1 metres 15 180 
Number of dishes or stations n SKA_phase1_definition_v0 1 250 50 
Number of unique baselines Calculated: n (n ‐1)/2 31,125 1,225 

Maximum frequency of operation SKA_phase1_definition_v0 2 Hertz 2.0E+9 450.0E+6
Minimum frequency of operation Only one Feed available at a time SKA_phase1_definition_v0 2 Hertz 1.0E+9 70.0E+6

Fractional bandwidth Astro2010; DRM 1.0 1.0 
Instantaneous bandwidth (Max freq - Min freq) x Fractional bandwidth SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+9 380.0E+6

Frequency resolution SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+3 1.0E+3
Number of frequency channels SKA_phase1_definition_v0 2 67.0E+3 67.0E+3

Number of beams formed per dish or station SKA_phase1_definition_v0 1 1 480 
Number of polarisation products 4 4 

N b f fl t l fl t 2 2Number of floats per complex float 2 2 

Calculated parameter for use in Smearing (Maximum baseline length) / (Dish or station diameter) 13.3E+3 1.1E+3
SKA_phase1_definition_v0 2 Hertz 5.0E+0 250.0E-3

Assume pipeline processing in near realtime
Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83 4E+9 78 8E+9 162 2E+9Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83.4E+9 78.8E+9 162.2E+9
Required flops per float - optimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 100,000 100,000 

Required flops per float - pessimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 400,000 400,000 

Required flops - optimistic 8.3E+15 7.9E+15 16.2E+15
Required flops - pessimistic 33.4E+15 31.5E+15 64.9E+15

Estimated HPC efficiency - optimistic Refer to [A] at bottom  of this colmn 20091116 news release from Cray 50% 50%
Estimated HPC efficiency - realistic Refer [B] at bottom of this column Hoisie et al; DOI: 10.1177/109434200001400405 10% 10%

Required HPC flops - optimistic Calculated 16.7E+15 15.8E+15 32.4E+15
Required HPC flops - pessimistic Calculated 333.7E+15 315.2E+15 648.8E+15



Where does the “smearing <2%” come from?

SKA DRM v. 1.0 2010 March 16



The DRM asserts that smearing shall be <2%

SKA DRM v. 1.0 2010 March 16



Example SKA Phase 1 dish configurations:
0.3 ~ 3 dumps/s ?0 3 3 du ps/s

1%
Smearing: 1‐Relative Amplitude

Tangential u‐v Smearing as a function of Dump Rate and (Receptor Beamwidth/Array Resolution)
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Bridle and Schwab’s approximations:

Bridle and Schwab 1999: “Bandwidth and Time Average Smearing”; Synthesis Imaging in Radio Astronomy II, pp. 380-381



Emil Lenc’s online calculator:

http://astronomy.swin.edu.au/~elenc/Calculators/wfcalc.php



But is <2% smearing sufficient
for DR = 65dB for SKA Phase 1 ?for DR  65dB for SKA Phase 1 ?

SKA DRM v. 1.0 2010 March 16
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The flops per uv float question:

Description Assumption or Derivation Reference Units Dishes D+WBSPFs Sparse Aas SumDescription Assumption or Derivation Reference Units Dishes D WBSPFs Sparse Aas Sum
Maximum baseline length 2 x maximum radius of 100 km SKA_phase1_definition_v0 1 metres 200.0E+3 200.0E+3

Dish or station diameter SKA_phase1_definition_v0 1 metres 15 180 
Number of dishes or stations n SKA_phase1_definition_v0 1 250 50 
Number of unique baselines Calculated: n (n ‐1)/2 31,125 1,225 

Maximum frequency of operation SKA_phase1_definition_v0 2 Hertz 2.0E+9 450.0E+6
Minimum frequency of operation Only one Feed available at a time SKA_phase1_definition_v0 2 Hertz 1.0E+9 70.0E+6

Fractional bandwidth Astro2010; DRM 1.0 1.0 
Instantaneous bandwidth (Max freq - Min freq) x Fractional bandwidth SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+9 380.0E+6

Frequency resolution SKA1_Concept_Definition_SSEC_draft.pdf Hertz 1.0E+3 1.0E+3
Number of frequency channels SKA_phase1_definition_v0 2 67.0E+3 67.0E+3

Number of beams formed per dish or station SKA_phase1_definition_v0 1 1 480 
Number of polarisation products 4 4 

N b f fl t l fl t 2 2Number of floats per complex float 2 2 

Calculated parameter for use in Smearing (Maximum baseline length) / (Dish or station diameter) 13.3E+3 1.1E+3
SKA_phase1_definition_v0 2 Hertz 5.0E+0 250.0E-3

Assume pipeline processing in near realtime
Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83 4E+9 78 8E+9 162 2E+9Dump rate in floating point numbers All visibilities have the same limiting dump rate floats/sec 83.4E+9 78.8E+9 162.2E+9
Required flops per float - optimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 100,000 100,000 

Required flops per float - pessimistic Assume can achieve 107 dynamic range (?) Advice from ASTRON, CSIRO, TDP-CPG 400,000 400,000 

Required flops - optimistic 8.3E+15 7.9E+15 16.2E+15
Required flops - pessimistic 33.4E+15 31.5E+15 64.9E+15

Estimated HPC efficiency - optimistic Refer to [A] at bottom  of this colmn 20091116 news release from Cray 50% 50%
Estimated HPC efficiency - realistic Refer [B] at bottom of this column Hoisie et al; DOI: 10.1177/109434200001400405 10% 10%

Required HPC flops - optimistic Calculated 16.7E+15 15.8E+15 32.4E+15
Required HPC flops - pessimistic Calculated 333.7E+15 315.2E+15 648.8E+15



How big should m x m be?



More questions about the 65 dB challenge:

How much “over sampling” is required?

How many “major cycles” are required, worst case?

Alternative algorithms for gridding irregularly spaced samples?Alternative algorithms for gridding irregularly spaced samples?

Empirical work for asymmetric side lobes?

Faint sources that may be indistinguishable from imaging artefacts?

A t ti “fl i ” d l f RFI t ?Automatic “flagging” and removal of RFI etc.?

Other questions:
Amdahl’s law ... I/O data rate – e.g. “memory bandwidth?”
Data cache memory requirements?
Energy efficiencies of computation and data movement?gy p
... ?



Even more questions ...


