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cacao’s goals

Support today & tomorrow’s off-the-shelf powerful computing hardware
- manycore systems (CPU, GPU) and FPGAs
— high performance computing engine to requirements of large scale AO systems

Support and enable advanced AO systems and algorithms

— flexible modular software architecture

— scalable solution

— built-in (and growing) machine learning support for predictive control, sensor fusion
— facilitates asynchronous links between sensors and loops

— full speed telemetry to disk for post-processing

Foreseen applications : Extreme-AO, MCAO, Tomographic AO ...

Community effort, fully open-source

— no proprietary / closed source roadblocks

— enables easy/quick implementation of new algorithms
— adopts standard data stream format

Easy to adopt and use: short path from ideas to real-time implementation
— abstract away / hide HPC complexity

— manage challenging real-time timing constraints for the user

— provide high-level GPU/CPU configuration



Current Status

Provides low-latency to run control loops
- Use mixed CPU & GPU resources, configured to RTC computer system

On SCExAO, control matrix is 14,000 x 2000. Matrix-vector computed in ~100us
using 15% of RTC resources @ 3kHz

Portable, open source, modular, COTS hardware

— No closed-source driver

— std Linux install (no need for real-time OS)

- using NVIDIA GPUs, also working on FPGA use

— All code on github: https://github.com/cacao-org/cacao

Easy for collaborators to improve/add processes

— Hooks to data streams in Python or C

- Template code, easy to adapt and implement new algorithms

— Provide abstraction of link between loops

— Toolkit includes viewers, data logger, low-latency TCP transfer of streams



cacao RTC: current status
& on-sky performance for ExXAO

Supports high frame rate Supports advanced operation
conver_ltlonal ExXAO modes for enhanced science
operation performance ... Why ?

SCEXAQO: 1200 modes corrected at 3.5 kHz
(input: 120x120 Pyramid image, _ _ _
output: 2000 actuator DM) Mixed CPU/GPU solution provides ample

computing power and also supports advanced

On-sky visible image (750nm), log scale operation modes:

(VAMPIRES)

’ - Model-free predictive control using

machine learning approach - deeper

10 contrast, fainter stars

20 - On-sky response matrix acquisition while

loop is running (<2 sec to acquire 2000-mode
response matrix) — improved calibration -
higher performance control

30

40

- Real-time links between control loops,
sensor fusion — speckle control, low-
order modes correction

50

60




Main Guiding Principle: data owns IPC
Processes sign up to semaphores

Build AO control loop as a finite set of CPU-mananged processes.
Processes can manage computations on GPGPU(s)

Interprocess communication (IPC) is contained in data. cacao streams are held in
shared memory and contain semaphores

— Complexities of IPC are handled by compiler and Kernel (semaphores, shared
memory)

] d
Write process posts rea 5[ Brocess ]
all data stream data st
semaphores ata stream |
semaphore #0 | 0 reads( )
Shared semaphore #1 | 0 I Process
writes memory semaphore #2 | 0 I ~ /
[ Process ] data & semaphore #3|0
metadata reads| Process
|semaphore #9 | 0 \ y

Each of these

processes waits on a
Semaphore-based IPC has us-level latency single semaphore




A simple example

reads [ Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other
| computer

reads| Multiply by
| Control Matrix

(=N oNo o)

Frame Grabber writes
camera acquisition

|semaphore #1|0

incremental DM displacement Total DM displacement
semaphore #0 | 0 semaphore #0 | 0
semaphore #1 | 0 ( semaphore #1 | 0
semaphore #2 | 0 X gain and add ] semaphore #2 | 0
semaphore #3 | 0 L semaphore #3 | 0

|semaphore #9 | 0

|semaph0re #9|0

T '

DM electronics
driver




Cam read

reads [ Data logger

WFS image
pemaphore 22| 0 I reads( Send to other " N
semaphore #1 | 0
writes semaphore #2 | 0 I _Computer
semaphore #3 | 0
5 e
reads| Multiply by
[semaphore #9 | 0 | Control Matrix
incremental DM displacement Total DM displacement

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0 | 0

semaphore #1 | 0 (

semaphore #2 | 0 x gain and add ]
semaphore #3 | 0 L

(=N N o)

|semaphore # |0

|semaph0re #9 |0

FEERETT W.‘:."ﬁ.‘%.\'- |

DM electronics
driver




Process posts semaphores

reads [ Data logger

WFS image
Semapioie#0] 1 | reads( Send to other ” L
semaphore #1 | 1
writes semaphore #2 | 1 I _computer
semaphore #3 | 1
5 e
reads| Multiply by
[semaphore #9 | 1 | Control Matrix
incremental DM displacement Total DM displacement

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0 | 0

semaphore #1 | 0 (

semaphore #2 | 0 x gain and add ]
semaphore #3 | 0 L

(o N e e N )
—

|semaphore #9 | 0

|semaph0re #9 |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




Semaphores posted

reads [ Data logger

semaphore #2
semaphore #3

WFS image
semapfore 70| L I reads( Send to other Y
semaphore #1 | 1 computer
1| \
1

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

incremental DM displacement Total DM displacement

|

\ x gain and add ]

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0
semaphore #1
semaphore #2
semaphore #3

(e e N )
(=N N o)

|semaphore # |0

|semaph0re #9 |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




sem_wait launches next processes

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

oORrRrOO

Frame Grabber writes
camera acquisition

|semaphore #9 |1

incremental DM displacement Total DM displacement

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0 | 0

semaphore #1 | 0 (

semaphore #2 | 0 x gain and add ]
semaphore #3 | 0 L

(=N N o)

|semaphore # |0

|semaph0re #9 |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




processes run...

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

aE=T

incremental DM displacement Total DM displacement

|

\ x gain and add ]

oORrRrOO

Frame Grabber writes
camera acquisition

|semaphore #9 |1

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0
semaphore #1
semaphore #2
semaphore #3

(=N N o)

(=N oNoNo)

|semaph0re #9|0 |semaphore # |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




... asynchronously

reads

WFS image

semaphore #0 | 0
semaphore #1 | 0
1
0

readS[ Send to other
computer |

reads-

incremental DM displacement Total DM displacement

|

\ x gain and add ]

semaphore #2
semaphore #3

Frame Grabber writes
camera acquisition

|semaphore #9 |1

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0
semaphore #1
semaphore #2
semaphore #3

(=N N o)

(=N oNoNo)

|semaph0re #9|0 |semaphore # |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




/eads[

Data logger

WFS image

semaphore #0 | 0
semaphore #1 | 0
1
0

readS[ Send to other
computer |

reads-

incremental DM displacement Total DM displacement

|

\ x gain and add ]

semaphore #2
semaphore #3

Frame Grabber writes
camera acquisition

|semaphore #9 |1

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0
semaphore #1
semaphore #2
semaphore #3

(=N N o)

(=N oNoNo)

|semaph0re #9|0 |semaphore # |0

FEFEET T'l]_"i.ﬁ\a (

DM electronics
driver




reads[

Data logger

WFS image

semaphore #0 | 0
semaphore #1 | 0
1
0

readS[ Send to other
computer |

semaphore #2
semaphore #3

Frame Grabber writes
camera acquisition

reads

|semaphore #9 |1

incremental DM displacement Total DM displacement

|

\ x gain and add ]

semaphore #0
semaphore #1
semaphore #2
semaphore #3

semaphore #0
semaphore #1
semaphore #2
semaphore #3

(=N N o)

(=N oNoNo)

|semaph0re #9|0 |semaphore # |0

FEERETT W.‘:."ﬁ.‘%.\'- |

DM electronics
driver




reads[

Data logger

WFS image

semaphore #0 | 0
semaphore #1 | 0
1
0

readS[ Send to other
computer |

reads-

semaphore #2
semaphore #3

Frame Grabber writes
camera acquisition

|semaphore #9 |1

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 0
Shared semaphore #1 | 1 ( semaphore #1 | 0
memory  |[semaphore#2 |1 x gain and add ] semaphore #2 | 0
data & semaphore #3 | 1 L semaphore #3 | 0
metadata
[semaphore #9 | 1 [semaphore #9 | 0

FERRRET 1‘-1‘1"!“1‘\' |

DM electronics
driver

I




reads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 0
Shared semaphore #1 | 1 ( semaphore #1 | 0
memory semaphore #2 | 1 x gain and add ] semaphore #2 | 0
data & semaphore #3 | 1 L semaphore #3 | 0
metadata
[semaphore #9 | 1 [semaphore #9 | 0

DM electronics
driver

FERETT ",1.‘:.""!*-“‘ |




reads [ Data logger
WFS image
semaphore #0 | 0 I reads( Send to other |
semaphore #1 | 0
writes semaphore #2 | 1 I (_computer o
Frame Grabber semaphore #3 | 0
camera acquisition f .
k reads| Multiply by
semaphore #9 | 1 | Control Matrix
incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 0
Shared semaphore #1 | 1 semaphore #1 | 0
memory semaphore #2 | () === semaphore #2 | 0
data & semaphore #3 | 1 semaphore #3 | 0
metadata
[semaphore #9 | 1 [semaphore #9 | 0

-

DM electronics
driver

FERRRET 1‘-1‘1"!“1‘\'

I




reads [ Data logger
WFS image
semaprr:ore ztl) 8 I reads( Send to other )
semaphore
writes semaphore #2 | 1 I (_computer o
Frame Grabber semaphore #3 | 0
camera acquisition reads( Multiply by
[semaphore #9 ] 1 | Control Matrix
incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 0
Shared semaphore #1 | 1 semaphore #1 | 0
memory semaphore #2 | 0 semaphore #2 | 0
data & semaphore #3 | 1 semaphore #3 | 0
metadata
[semaphore #9 | 1 [semaphore #9 | 0

g

DM electronics
driver

FERRRET 1‘-1‘1"!“1‘\' |

I




reads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 0
Shared semaphore #1 | 1 semaphore #1 | 0
memory semaphore #2 | 0 semaphore #2 | 0
data & semaphore #3 | 1 semaphore #3 | 0
metadata
[semaphore #9 | 1 [semaphore #9 | 0

Ty |

DM electronics
driver




/eads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3
[semaphore #9 | 1

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads|  Multiply by
| Control Matrix

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 Shared semaphore #1 | 1
memory semaphore #2 | 0 - memory semaphore #2 | 1
data & semaphore #3 | 1 data & semaphore #3 | 1
metadata metadata
[semaphore #9 | 1 [semaphore #9 | 1

|

DM electronics
driver

Jr—

g

Ty |




/eads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory |[semaphore #2 | 0 x gain and add ] memory |[semaphore #2] 1
data & semaphore #3 | 1 L data & semaphore #3 | 1
metadata metadata
[semaphore #9 | 1 [semaphore #9 | 1

Ty |

DM electronics
driver




reads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory |[semaphore #2 | 0 x gain and add ] memory |/semaphore #2| 0=
data & semaphore #3 | 1 L data & semaphore #3 | 1
metadata metadata
[semaphore #9 | 1 [semaphore #9 | 1

T




reads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

oORrRrOO

Frame Grabber writes
camera acquisition

reads( Multiply by ]

[semaphore #9 | 1 | Control Matrix

Ty |

incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory |[semaphore #2 | 0 x gain and add ] memory |[semaphore #2| 0
data & semaphore #3 | 1 L data & semaphore #3 | 1
metadata metadata
[semaphore #9 | 1 [semaphore #9 | 1




Processes execution can overlap

reads[

Data logger

WFS image

semaphore #0
semaphore #1
semaphore #2
semaphore #3

reads( Send to other)
| computer |

writes

oORrRrOO

|semap;10re #9 | 1

reads|  Multiply by
| Control Matrix

incremental DM displacement Total DM displacement

semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory semaphore #2 | 0 L X gain and add ] memory semaphore #2 | 0
hore #3 | 1 semaphore #3 | 1
data & =T data & =
metadata metadata
Isemaphore #9 | 1 lsemaphore #9 | 1

Ty |




reads [ Data logger
WFS image
semaphore #0 | 0 I reads( Send to other |
semaphore #1 | 0 computer
writes semaphore #2 | 1 I ~ o
semaphore #3 | 0
: 4
reads| Multiply by
semaphore #9 | 1 | Control Matrix
incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory semaphore #2 | 0 L X gain and add ] memory semaphore #2 | 0
data & semapflore #3| 1 data & semapt:1ore #3 |1
metadata metadata
Isemaphore #9 | 1 lsemaphore #9 | 1

T

DM electronics
driver




writes

Unused semaphores go >1

WFS image

incremental DM displacement

semaphore #0

Shared
memory
data &
metadata

semaphore #0

semaphore #1

semaphore #2

semaphore #3

1
1
0
1

|semaphore #9 | 1

11
Shared semaphore #1 | 1 I
memory semaphore #2 | 2 I
data & semaphore #3 | 1
metadata
|semaphore #9 | 2

1 x gain and add ]

reads[

Data logger

reads( Send to other)
| computer |

reads|  Multiply by
| Control Matrix

Total DM displacement

Shared
memory
data &
metadata

semaphore #0

semaphore #1

semaphore #2

semaphore #3

RORR

|semapF10re #9 |1

DM electronics
driver

T




reads [ Data logger
WFS image
semaphore #0 | 1 I reads( Send to other |
Shared semaphore #1 | 1 computer
: semaphore #2 | 2 I N o
[ Frame Grabber ] writes n“ljZI:;Og semaphore #3 | 1
o onn Vg
camera acquisition P, reads( Multiply by
semaphore #9 | 2 | Control Matrix
incremental DM displacement Total DM displacement
semaphore #0 | 1 semaphore #0 | 1
Shared semaphore #1 | 1 ( Shared semaphore #1 | 1
memory semaphore #2 | 0 1 x gain and add ] memory semaphore #2 | 0
data & semapflore #3| 1 data & semapt;ore #3111
metadata metadata
lsemaphore #9 | 1 lsemaphore #9 | 1

DM electronics
driver




A more powerful example (SCExXAO control loop)

Telemetry

aol#_modeval_ol_logbuffo

)

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

Predicted DM map

aol#_dmPFout

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predictive Filter

(shown here for block #0) E Predictive filter compute E ]
i [aoli#PFbOocomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

buffer for predictive block

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Open loop mode coefficients

aol#_modevalPFres Iq_

T~

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

latency [frame] =
o hardiatency frame F ey
'smextrlatency frame

V‘ VYV

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

sem2 +
J
4 1subtract
latency [frame] =
hardlatency frame +
M1=03 | 11 wfsmextrlatency frame
A 4
modal DM correction,
| Compute modal DM correction at time of circular buffer
i Telemetry available WFS measurement
i aol#_modeval_dm_C
1=05 | aol#_modeval_dm | | Ij
o
p—

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

TIMING
ORIGIN

Extract WFS modes

—
[aol#mexwfs] in aol#RT1 WES-measured DM

IM1=00 I

Current modal DM

no s

\

mode coefficients

03

auxscripts/modesextractwf?

GPU or CPU ma

aol#_modeval S

J/

weos]

Current modal DM correction

| aol# _modeval_dm_corr |

correction, filtered

m | aol#_modeval_dm_now_filt |

M=04 J/

[

3 —

loop ARPFgain

Main process M=05 ; GPU-based DM filtered write -E
. ; Ci dal DM i ! o : [aol#dmfw] in aolORT 1
[aol#run] in aol#RT {} WEFS pixels block gains | [ DMmoc-ie e | urrent modal BM correction R @l ] : auxscripts/aolmcoeffs2dmmap
script auxscripts/aolry - modes -DMmode. | aol#_modeval_dm_now | ) | P ——— | GPU or CPU i
CPU (+ GPU E :
/) G @ se \ : :
= M=01 ; : 3
m=o0 [ if cvmopE=oL] ] pjs— i wodes - om :
WFS 00 jf dark | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
< by aolMeasureTiming) o \2° v
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
- Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Fastest way to write on DM is to multiply WFS image by
control matrix — DM actuators

Telemetry

)

| aol#_modeval_ol_logbuffo

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predictive Filter

(shown here for block #0) E Predictive filter compute E ]
i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

buffer for predictive block

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Predicted DM map

aol#_dmPFout

Open loop mode coefficients

+
aol#_modeval_ol -
J

A

il Compute
i Telemetry

subtract latency [frame] =
m1=03 [ 11
A 4

aol#_modevalPFres Iq_

wfsmextrlatency frame |

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

T~

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

hardlatency frame + I

latency [frame] =
o hardiatency frame F ey
'smextrlatency frame

VL VYV

| aol#_modeval_dm_C Ij

| aol#_modeval_dm |

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

IM1=00 I

no s
Extract WFS modes \ N\
. WFS-measured DM Current modal DM
[aol#mexwfs] in a0l4RTL|  q4e coefficients 03 correction, filtered
A R oL R Current modal DM correction m )
TIMING GPU or CPU sema M:gﬂ | | | aol#ﬁmodevalfdmfnowjlt|
Yy aol# _modeval_dm_corr M=04
ORIGIN y _>L /
|_| ! {_oop ARPFgain .
Main process Mmos 3N GPU-based DM filtered write :
. ; Ci t modal DM ti ! o : [aol#dmfw] in aolORT 1
[aol#run] in aol#RT {} WFS pixels block gains | [ DMmoc-ie e | LITen ocd? O coffecton 1 R @l ] : auxscripts/aolmcoeffs2dmmap
script auxscripts/aolry ~ modes = — | Lol (o SO LT EY | | aol#_DMmode_LIMIT | CRYErErt :
CPU (+ GPU) 7/ B :
00 01 o .
= =01 . 3 : ]
i °°d if CMMODE=0 b loop g i wodes - om :
arl i H actuators .
WES 00 b 01 Normalize ) - : :
image Direct DM Write — loop prv— : fresrssrrssnesreanrannnnnd
actuators match
if DMprimaryWriteiON
i i DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
h Note: DM map & coefficients show correction applied '-ﬁl—»
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Modal reconstruction: compute WF modes from WFS image
(usually GPU-based)

Telemetry

aol#_modeval_ol_logbuffo

)

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predictive Filter

(shown here for block #0) E Predictive filter compute E ]
i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

buffer for predictive block

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Predicted DM map

aol#_dmPFout

Open loop mode coefficients

il Compute
i Telemetry

+
aol#_modeval_ol -
J
A
subtract

latency [frame] =
hardlatency frame +
wfsmextrlatency frame

A 4

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

aol#_modevalPFres Iq_

T~

sem10+block

. = |Predicted mode coefficients E
> H
: aol# modevalPFb0 :

latency [frame] =
o hardiatency frame F ey
'smextrlatency frame

VL VYV

| aol#_modeval_dm_C Ij

| aol#_modeval_dm |

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

IM1=00 I

no s
Extract WFS modes N
. WFS-measured DM Current modal DM
[aolt#mexwfs] in a0l4RTL|  1\,4e coefficients correction, filtered
ggscrlp(t:s/modesextractwf Current modal DM correction m )
TIMING ey sém4 | ; v | | aol#ﬁmodevalfdmfnowjlt|
aol#_modeval_dm_corr =
ORIGIN = m=od <
|‘| | loop ARPFgain .
Main process Mmos " GPU-based DM filtered write. :
. ; Ci dal DM i ! o : [aol#dmfw] in aolORT 1
[aol#run] in aol#RT {} WFS pixels block gains | [ DMmoc-ie e | urrent modal BM correction 1 R @l ] : auxscripts/aolmcoeffs2dmmap
script auxscripts/aolru o -~ modes aol#_gainb —~ = | aol#_modeval_dm_now | ) | T PR T | GPU or CPU
CPU (+ GPU) oo Y o1 :
= M= H :
m=o0 | I = loop gain B Modes ~ DM
WFS 00 jf dark | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
h Note: DM map & coefficients show correction applied '-ﬁl—»
- open loop = WFS residual - dm i
- Wfresidual = Open loop WF + dm

- dm = Wfresidual - open loop



Modal filtering

Telemetry

aol#_modeval_ol_logbuffo

)

Predictive Filter

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

Predicted DM map

aol#_dmPFout

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

buffer for predictive block

aol#_modevalol_PFb0 U

Open loop mode coefficients

il Compute
i Telemetry

+
aol#_modeval_ol -
J
A
subtract

A 4

aol#_modevalPFres Iq_

latency [frame] =
hardlatency frame + I
wfsmextrlatency frame |

T~

(shown here for block #0) E Predictive filter compute E

i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

= Predictive filter engine
: [aol#PFb0apply] in aoclORT1

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

latency [frame] =

modal DM correction,

modal DM correction at time of circular buffer

m W, 'smextrlatency frame

available WFS measurement

aol#_modeval_dm
aol#_modeval_dm

Predicted mode coefficients Circular buffer

5

aol#_modevalPFsync

aol#_modevalPF_C
Ny

TIMING
ORIGIN

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

——
WFS-measured DM
mode coefficients

aol#_modeval S

m4

Current modal DM correction

| aol# _modeval_dm_corr | M=04

J/
A

[

Main process

v

loop ARPFgain

_ o hardlatency frame ¥

VL VYV
Predicted mode coeﬁicients]

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

sem3

aol#_dmPFout

aol#_modevalPF J

M1=00
Current modal DM )
correction, filtered 06 07
| aol#_modeval_dm_now_filt | M=06 M=10
) isem2

aol# DMmode_GAIN
F Current modal DM correction

M=0§ Modal clipping

GPU-based DM filtered write
[aoli#dmfw] in aolORT

[aol#run] in aol#RT block gains i d § auxscripts/aolmcoeffs2dmmap §
script auxscripts/aolry #_DMmO; o ML | Lol (o SO LT EY |A | aol#_DMmode_LIMIT | CRYErErt :
CPU (+ GPU E :
CCF 00 ) 02 @ se ) : :
= M=01 ; : 3
m=o0 [ if cvmopE=oL] ] P i vodes - om :
WFS 00 da[k | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) _
N Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Modes — DM actuators (MVM operation)

Telemetry

aol#_modeval_ol_logbuffo

)

Predictive Filter

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

Predicted DM map

aol#_dmPFout

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

(shown here for block #0)

Predictive filter
block input watch
[aol#PFbOwatchin]

Open loop mode coefficients
buffer for predictive block

aol#_modevalol_PFb0 U

Open loop mode coefficients

aol#_modevalPFres Iq_

A

il Compute
i Telemetry

+
aol#_modeval_ol -
J
subtract latency [frame] =
hardlatency frame +
M1=03 | 11 wfsmextrlatency frame
A 4

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

T~

annnn
E Predictive filter compute =
[aol#PFb0comp]

Prediction filter

aol#_outPFb0

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

latency [frame] =

'smextrlatency_fra

| aol#_modeval_dm_C Ij

Predicted mode coefficients

Circular buffer

| aol#_modeval_dm |

aol#_modevalPFsync

~ T hardlatency frame ¥

aol#_modevalPF
aol#_modevalPF_C
yd

e

VL VYV
Predicted mode coeﬁicients\

sem3

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

IM1=00 I

no s
Extract WFS modes \ N
. WFS-measured DM Current modal DM
[aol#mexwfs] in a0l4RTL|  q4e coefficients 03 correction, filtered
A R oL R Current modal DM correction m )
TIMING GPU or CPU sema M:oﬂ | | | aol#ﬁmodevalfdmfnowjlt|
aol#_modeval_dm_corr =
ORIGIN =~ — m=od <
|_| ! {_oop ARPFgain .
Main process Mmos 3 GPU-based DM filtered writd
. ; Ci t modal DM ti ! o : [aol#dmfw] in aolORT
[aol#run] in aol#RT {} WEFS pixels block gains | o DMmoc-ie ST | e 1 Modal clipping ] : auxscripts/aolmcoeffs2dmmaj
script auxscripts/aolru — modes = — | aol#_modeval_dm_now | | aol#_DMmode_LIMIT | E GPU or CPU
CPU (+ GPU ' / E
( )00 Y 01 < 02 > o \ :
= M=01 . :
m=o0 [ if cvmopE=oL] ] pjs— i vodes - om
WFS 00 da[k | 01 pormalize H actuators
image Direct DM Write - loop mult g
actuators match
if DMprimaryWriteiON
I DM primary) Write DM “actuators” DM filtered I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
h Note: DM map & coefficients show correction applied '-ﬁl—»
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Modal pseudo-open loop reconstruction

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

iruns

Predicted DM map

Open loop mode coefficients

i [aol#meol] in aol#RT

in AoloopControl, CPU

Telemetry

aol#_modeval_ol_logbuffo

)

aol#_modeval_ol_logbuffl IjJ

Predictive Filter

buffer for predictive block

(shown here for block #0) E Predictive filter compute E

i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Predicted mode coefficients

sem10+block

m wfsmextrlatency _fra

\ 4

aol# _modevalPFb0

latency [frame] =
~hardlatency frame ¥

sel + —
aol# dmPFout aol#_modeval_ol [———| aol#_modevalPFres
J
A
subtract M1=01 latency [frame] =
hardlatency frame +
1=04 |M1=03 I 11 l 09 wfsmextrlatency_fr;
A 4
modal DM correction,
ompute modal DM correction at time of circular buffer
lemetry available WFS measurement
aol#_modeval_dm_C
1=05 aol#_modeval_dm

TIMING
ORIGIN

[

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

Main process

v

WFS-measured DM
mode coefficients

3 —

redicted mode coefficients

Circular buffer

aol#_modevalPFsync

aol#_modevalPF_C

03

Current modal DM correction

aol#_modeval sém4 M=03—} m
Yy | aol# _modeval_dm_corr | M=04

loop ARPFgain

VL VYV
Predicted mode coeﬁicients]

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

sem3

aol#_dmPFout

aol#_modevalPF J

M1=00

Current modal DM )

correction, filtered

| aol#ﬁmodevalfdmfnowﬁﬁlt|

J/

Current modal DM correction

M=0'5 Modal clipping

GPU-based DM filtered write
[aoli#dmfw] in aolORT

[aol#run] in aol#RT block gains i d § auxscripts/aolmcoeffs2dmmap §
script auxscripts/aolru | & #—DM"“’E AMOE T | | aol#_modeval_dm_now | ) | aoli_DMmode_LIMIT | § GPU or CPU :
CPU (+ GPU E :
CCF 00 ) 02 @ se ) : :
= M=01 ; : 3
m=o0 [ if cvmopE=oL] ] pjs— i vodes - om :
WFS 00 jf dark | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
N Note: DM map & coefficients show correction applied '-ﬁl—»
— open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




DM map (test)
script
aolOL coeffs2dmmap

Predicted DM map

aol#_dmPFout

TIMING
ORIGIN /

[

n

Write modal telemetry buffers

Telemetry

aol#_modeval_ol_logbuffo Ij

aol#_modeval_ol_logbuffl Ij

Extract Open Loop WFS modes
i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predictive Filter

(shown here for block #0) E Predictive filter compute E ]
i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

buffer for predictive block

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

Open loop mode coefficients

aol#_modevalPFres Iq_

+
—
J
4 1subtract
latency [frame] =
hardlatency frame +
M1=03 | 11 wfsmextrlatency frame
A 4

modal DM correction,
circular buffer

Compute

modal DM correction at time of

available WFS measurement

| Telemetry

T~

sem10+block

. = |Predicted mode coefficients E
> H
: aol# modevalPFb0 :

latency [frame] =
o hardiatency frame F ey
'smextrlatency frame

VL VYV

| aol#_modeval_dm_C Ij

| aol#_modeval_dm |

E1=05 I

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

——
WFS-measured DM
mode coefficients

aol#_modeval S

m4

03

weos]
7 —»

IM1=00 I

Current modal DM

no s

\

Current modal DM correction

| aol# _modeval_dm_corr |

correction, filtered

m | aol#_modeval_dm_now_filt |

M=04 J/

loop ARPFgain

Main process M=05 ; GPU-based DM filtered write -E
. ; Ci dal DM i ! o : [aol#dmfw] in aolORT 1
[aol#run] in aol#RT {} WFS pixels block gains | [ DMmoc-ie e | urrent modal BM correction 1 R @l ] : auxscripts/aolmcoeffs2dmmap
script auxscripts/aolry ~ modes = — | Lol (o SO LT EY |A | aol#_DMmode_LIMIT | CRYErErt :
CPU (+ GPU E :
( )00 Y 01 < 02 > = \ i :
= M=01 ; : 3
m=o0 [ if cvmopE=oL] ] pjs— i vodes - om :
WFS 00 da[k | 01 pormalize : actuators :
image Direct DM Write — loop mult — : e
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
N Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Compute Predictive Filter (soft real-time)

Telemetry

)

aol#_modeval_ol_logbuffo

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predictive filter
block input watch
[aol#PFbOwatchin]

Predictive Filter
(shown here for block #0)

[aol#PFb0comp]

Prediction filter

aol#_outPFb0

Open loop mode coefficients
buffer for predictive block

Predicted DM map

aol#_dmPFout

Open loop mode coefficients

aol#_modeval_ol
J

+

A

il Compute
i Telemetry

—
subtract latency [frame] =
m1=03 [ 11
A 4

aol#_modevalPFres Iq_

hardlatency frame + I
wfsmextrlatency frame |

T~

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

latency [frame] =
o hardiatency frame F ey
'smextrlatency frame

VL VYV

E1=05 I

n

aol#_modeval_dm_C
aol#_modeval_dm

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

TIMING
ORIGIN

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

——
WFS-measured DM
mode coefficients

aol#_modeval S

m4

IM1=00 I

Current modal DM )

no s

03

Current modal DM correction

weos]

[

Main process

v

=~

| aol# _modeval_dm_corr |

correction, filtered

m | aol#_modeval_dm_now_filt |

M=04 J/

loop ARPFgain

Current modal DM correction

E(E-{ Modal clipping ]

GPU-based DM filtered write
[aoli#dmfw] in aolORT

[aol#run] in aol#RT WFS pixels block gains i d § auxscripts/aolmcoeffs2dmmap §
script auxscripts/aolru - modes [pe £ otmede ML | | e LG |J | aol#_DMmode_LIMIT | GPUor CPU 3
CPU (+ GPU E :
CCF 00 ) 02 @ se ) : :
= M=01 ; : :
m=o0 [ if cvmopE=oL] ] pjs— i vodes - om :
WFS 00 jf dark | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
N Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Apply Predictive Filter

Telemetry

aol#_modeval_ol_logbuffo

)

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script
aolOL coeffs2dmmap

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Predicted DM map

aol#_dmPFout

Open loop mode coefficients

+
aol#_modeval_ol -
J

A

il Compute
i Telemetry

subtract latency [frame] =
hardlatency frame +
M1=03 | 11 wfsmextrlatency frame
A 4

aol#_modevalPFres Iq_

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

T~

sem10+block

Predictive Filter
(shown here for block #0)
ssssssssssssEsssssessEesnnnsEannnn.
Predictive filter
block input watch
[aol#PFbOwatchin]

[aol#PFb0comp]

Prediction filter

aol#_outPFb0

Open loop mode coefficients
buffer for predictive block

= Predictive filter engine

aol# _modevalol_PFb0 U
[aol#PFb0Oapply] in aclORT1

Predicted mode coefficients

aol# _modevalPFb0

latency [frame] =
o hardlatency frame ¥
'smextrlatency_fran

VL VYV

| aol#_modeval_dm_C Ij

| aol#_modeval_dm |

Predicted mode coefficients

Circular buffer

aol#_modevalPFsync

aol#_modevalPF
aol#_modevalPF_C

TIMING
ORIGIN

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

——
WFS-measured DM
mode coefficients

aol#_modeval S

m4

no s

Current modal DM

03

Current modal DM correction

correction, filtered

weos]

[

=~

| aol# _modeval_dm_corr | I M=o4| J/

| aol#ﬁmodevalfdmfnowﬁfilt|

loop ARPFgain

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

Main process M=05 ; GPU-based DM filtered write -E
. ; Ci dal DM i ! o : [aol#dmfw] in aolORT 1
[aol#run] in aol#RT {} WFS pixels block gains | [ DMmoc-ie e | urrent modal BM correction 1 R @l ] : auxscripts/aolmcoeffs2dmmap
script auxscripts/aolry ~ modes = — | Lol (o SO LT EY |A | aol#_DMmode_LIMIT | CRYErErt :
CPU (+ GPU E :
( )00 Y 01 < 02 > = \ i :
= M=01 ; : 3
m=o0 [ if cvmopE=oL] ] pjs— i vodes - om :
WFS 00 da[k | 01 pormalize : actuators :
image Direct DM Write — loop mult — : T T
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
N Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i

- Wfresidual = Open loop WF + dm
- dm = Wfresidual - open loop




Linking loops / handling
multiple WFSs and DMs
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SCE?FQQ Subaru Coronagraphic

Extreme Adaptive Optics

SCEXAO Light path

VAMPIRES (2 cameras)
Polarimetry
2-5um "] Dual band
imager/spectro Aperture masking
(IRCS) Weakly/un-
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modulated < H H .lllllIllllll=
< viewing cam
NearlR PyWFS 9
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LOWFS modes (modal actuators)

Ioop nb=1 (flat) matrix control
DMindex = 01 Zero pt
offset (AOloopControj DM_CombineChannels)
LOWFS
image T
LOWFS
wfsref0 —> II;V?S ‘1!}5: S aol1l_wfszpo0 - aoll_wfszpol- aoll wfszpo2+ aoll wfszpo3
MASTER LOOP Main DM channels (physical actuators)
OFFSET || TTLQG || PYWFs ililAs ' > bm
(flat) RM HI] Total DM control
| displacement
PyWFS LOOP LO;/FS speckle HrEnie {I/ / aolzpwfsloop
Ioopn b=0 ZAP e pr ;besz co';go’ . ¢— 7 (AOloopControl WFSzupddte loop)
zpoffset #. zpoffset #, zpoffset #:
DMindex = 00 Zernike Astrom Turbulence/ | AO sim — e
offsets grid offset
zpoffset #4 zpoffset #5 zpoffset #6 PyWFS
PyWFS — resp. aolo_wfszpoo
fuaos process aolrun (see next slide) el
:,:";\f/WFg fe};‘gf”;gc elq bzeropoint_$um] update_loop)
sre <
————
FPWFS > Mode /
I_:PWFS Modulation FPWFS | LOWFS + H OWFS +
image maps resp
FPWFS . FPWFS
ILOOI; wavefront control
oopn 1
pr PWES o architecture
—_ probe solution
images >




Linking multiple control loops (zero point offsetting)

A control loop can offset the convergence point of another loop @> kHz (GPU or CPU)
Example: speckle control, LOWFS need to offset pyramid control loop
THIS IS DONE TRANSPARENTLY FOR USER - don't pay attention to the diagram below !

Loop 0 DM modes - Loop 0 WFS modes

| 1. |
DM channels, loop O CPU (part of dmcomb) | dmwrefO I

e e o |

CPU (part of dmcomb)j

OR

GPU modal WFS offset
[GPUdm2wfsrefM_dm#]

6PU zonal WFS offsh
[GPUdm2wisrefZ_dm#]

aol0_dmzZP0 aol0 dmzZP1 aolo_dmzp2  aol0_dmzpP3

CPU zonal WFS
offset [aolOzploop#] T—
aol0_ dmZP4  a0]0 dmzP5 aol0_dmzP6é  aol0_dmZzZP7 “Zonal zero point” settings script “aolWFSresoffloadloop”
in WF control menu slow offload of WFS average

LOWES offsetting notes (activate after loop

\ process is ON) ) aol0_wfsres_ave

From PyWFS Ioop: aof0_wfsresm_ave
- Do not turn on zonal offsetting ZP1 AT—
- Turn on zero pt offset process = masked

. Note: total flux = 0 over mask
zero point offset

process
(in process list)

script aol0_imWFSotot
113 ”
aolmkWFSres” [~ 510 imwFso

\ 4
I aol0_wfsref I

aol0_wfsref

aol0_wfsmask




Timing is everything

Good timing knowledge and stability is essential for:
— Pseudo-open loop reconstruction
— Fast response matrix acquisiton

— Predictive control



End of real-time computation processes

Telemetry

aol#_modeval_ol_logbuffo

)

aol#_modeval_ol_logbuffl IjJ

{ Extract Open Loop WFS modes

DM map (test)
script

Predicted DM map

aol#_dmPFout

aolOL coeffs2dmmap

i [aol#meol] in aol#RT
i runs in AoloopControl, CPU

Open loop mode coefficients

Predictive Filter

(shown here for block #0) E Predictive filter compute E ]
i [aol#PFbOcomp] :
Predictive filter : :
block input watch . Prediction filter -
[aol#PFbOwatchin] : a0l#_outPFbO S
Open loop mode coefficients E E

buffer for predictive block

aol#_modevalol_PFb0 U

I Predictive filter engine £
: [aol#PFb0apply] in aoclORT1

aol#_modeval_ol '

latency [frame] =

aol#_modevalPFres Iq_

wfsmextrlatency frame |

T~

Predicted mode coefficients

sem10+block

\ 4

aol# _modevalPFb0

hardlatency frame + I

Compute
Telemetry

modal DM correction,
modal DM correction at time of circular buffer

available WFS measurement

o hardlatency framie oy

latency [frame] =

'smextrlatency frame

V‘ VYV

El:OS I

| aol#_modeval_dm_C Ij

| aol#_modeval_dm |

Predicted mode coefficients

Circular buffer Predicted mode coeﬁicients\ sem3

aol#_modevalPFsync

DM map (test)
script aolPFcoeffs2dmmap

Predicted DM map

aol#_dmPFout

aol#_modevalPF
aol#_modevalPF_C
yd

TIMING
ORIGIN

[

Extract WFS modes
[aol#mexwfs] in aol#RT1
auxscripts/modesextractwif:
GPU or CPU

——
WFS-measured DM
mode coefficients

aol#_modeval S

m4

IM1=00 I

Current modal DM

no s

\

03

Current modal DM correction

weos]

Main process

[aol#run] in aol#RT

v

script auxscripts/aolru

CPU (+ GPU)

=~

| aol# _modeval_dm_corr |

correction, filtered

m | aol#_modeval_dm_now_filt |

M=04 J/

block gains

aol#_gainb

WFS pixels
- modes

| aol#_DMmoc-ie_MULTF |

loop ARPFgain

Current modal DM correction

E‘E—{ Modal clipping ]

| aol#_DMmode_LIMIT |

| aol#_modeval_dm_now |
v

GPU-based DM filtered write
[aoli#dmfw] in aolORT
auxscripts/aolmcoeffs2dmmap
GPU or CPU

"sesssssssssssEnrrmEnEnn

oo 01 \
T ) R if cvmopE=oL] ] pjs— Modes DM
WFS 00 da[k | 01 pormalize actuators
image Direct DM Write — loop mult g fireraresssrsrarararnnnnn
actuators match
if DMprimaryWriteiON
I DM primary| Write DM “actuators” DM filtered|Write I
—
complatency frame (measured L~
) by aolMeasureTiming) o \2° g
P " wfsmextrlatency frame (measured by aolMeasureTiming) ~
N Note: DM map & coefficients show correction applied '-il—b
- open loop = WFS residual - dm i
- Wfresidual = Open loop WF + dm

- dm = Wfresidual - open loop



us]

End computation time delay [

End-to-end Timing Jitter
RMS < 5 us, max delay ~50us

20 -

40 -

80

-100

I I
1] 5 10 15 20 25

Time [s]

End-to-end timing jitter measured by monitoring completion time of last real-time stream: modal
pseudo-open loop coefficients.

Jitter includes following components:

- Hardware synchronization (PyWFS tip-tilt mirror)
- Camera readout

- Data transfer over TCP link

- All real-time computations, CPU and GPU

- Time measurement errors

30



2500

2000

1500

1000

500

End-to-end Timing Jitter

Histogram, measured @ 2kHz

0.005 %
Delay > 40 us

<

80 %
within +/- 3.92 us

9.01 %
Delay > 5 us

<—

0.15 % 0.645 %
Delay > 20 us Delay > 10 us

e =

7

-50

-30 -20 -10 0
Delay [us]

10% of loop iteration @ 2 kHz

10



Amplitude

Time between DM command issued and corresponding WFS signal observed

Hardware Latency measured on SCExXAO

(Camera readout + TCP transfer + processing + DM electronics)

1.2

0.8

0.6

0.4

0,2

Measurement noise

+/- 25 us lines

DM
command
iIssued

two WES frames

Latency

1
Latency Measuremen t

0, 003*(x-070)
0,003*(x-620)

Sum squared difference between

+

500

1000 1500 2000

delay [us]

2600

3000



Hardware Latency

Definition:

Time offset between DM command issued, and mid-point SCEXAO measured hardware latencies:
between 2 consecutive WFS frames with largest difference LkHz - 1253 / 1260/ 1269 — 1261 us
1.5 kHz : 1083/ 1065/ 1081 ~ 1076 us
2kHz : 987/ 982/ 985- 985us
25kHz : 922/ 921/ 926- 923 us
3kHz : 881/ 876/ 884- 880 us

i Measured
Issue DM DM motion difference 2kHz - 3kHz = 105 us
comm and estimated from expected difference = (1/2000-1/3000)/2 = 83 us
max frame rate - 22us discrepancy
without send difference 1kHz - 3kHz = 361 us
dropouts estimated expected difference = (1/1000-1/3000)/2 = 333 us
/ - 28us discrepancy
measured
DM volt DM comm .
Add DM || Displ | process | and DM physical
channels || voltage | & send | electronics latency
15us |13 us |80 us 150 us 45 us
Camera exposure | Camera exposure Camera exposure " Camera exposure
| ,
Readout 260 us 00 |us Readout
transfer, decoding transfer, decoding
200 us
% cam_exposure - dt processing prOCESSIrlg
50 us 167 us |
<

HardwareLatency = DM soft + DM elec + DM phys + CAM readout/transfer + CAM processing + %2 exposure time
HardwareLatency = N x cam_exposure + dt



Fast RM acquisition (4000 Hadamard pokes in 2s @ 2 kHz)
+ Removing temporal DM response from response matrix by
using two poke sequences

Temporal bleeding from
previous poke pattern
(should be removed
from RM)

Camera readout RF coupling
between pixels

~1% electronic ghosts at 2kHz
frame rate

Needs to be‘kept in RM

-8e-06 -6e-06 -4e-06 -2e-06 9.8e-09 2e-06 4e-06 6e-06 Be-06
RM assembled from single poke sequence: RM assembled from average of two poke sequences:
+- - - - +- - - +-
+- -+ +- -+

RMs reconstructed from Hadamard pokes, 2kHz modulation (DM moves during EMCCD frame transfer)



Multi-channel DM virtualization & timing knowledge/stability
— oh-sky response matrix acquision, while ExAO loop running

Left: WFS reference
Right: Response to single actuator poke (one of 2000)

RM measurement @ 2kHz takes 4000 pokes = 2 sec
Multiple RMs averaged to increase SNR



Self-learning AO control

Conventional AO: ,
Control Matrix
. . 10l > Il
Resp Matrix is measured
CM computed as pseudo- ( Last WFS DM state
. measurement
iInverse of RM § @ m
e,

Predictive Control Matrix

g Nisa R )

Self-learning AO control:

( Last N WES )

DM state
measurements
m

k N xn )

Optimally use recent (predictive
control) and auxiliary (sensor

fusion) measurements — control Last N WES ) .
matrix is very big, and usually (measurements e by
. ) sensor 1 Predictive aotrol Matrix
Impossible to measure

L N xn b g s sa [ 2a
CM is derived from WFS(s) LastN WFS ) DM state
telemetry using machine measurements B
learning approaches i av s

L N xn )




.
I’.@Vlapire LESIA
(g Fars

Mix of cost function optimization for parameters identification (“Learn”
process) and linear algebra for reconstructor matrix computation

(“apply” process)

Loop supervision module

user
naramete

measurements

m — m.transpose(m) learn

command

matrix Ctm apply
Cmat

tomographic
reconstructor

Cmat.R' Ctm.Cmm _f-?

supervisor module for MOAO




Open loop reconstruction
Comparison between gain values

G=0.000 - over-estimates OL values
All G>0.0 reconstructions match at %-level

G=0.000 test relies entirely on WF residuals for OL estimation
G>0.000 tests rely mostly on DM values for OL estimation

Test shown here uses full speed RM acquisition which underestimates RM by ~15% due to DM time-of-
motion — reconstructed WFs from WFS are over-estimated by ~15%



On-sky predictive control matrix
(modal representation, 100 modes shown)

Conventional AO would Optimal control adds Predictive control adds
have control matrix elements outside of these blocks to control
100 x 100 elements diagonal matrix
/ — — — / \
Last WFS measurement  measurement  measurement \

measurement Step -1 Step -2 Step -3




Prediction control matrix




On-sky results (2 kHz, 50 sec update)

OFF (integrator, gain=0.2) ON

Average of 54 consecutives 0.5s images (26 sec exposure), 3 mn apart
Same star, same exposure time, same intensity scale



Standard deviation improved by 2.5x

OFF (integrator, gain=0.2) ON

Standard deviation of 54 consecutives 0.5s images (26 sec exposure), 3 mn apart
Same star, same exposure time, same intensity scale



Focal Plane WFSIC



OCA/KERNEL - developed software

ZAP: focal plane wavefront sensor

Config ModeBasis DM channel Help

Lastimage [E] non-linear DARK

LWE basis selected

Prior calibration restored

Loading default
fhome/fmartinache/.config/fpao/qtzap/scexao_as
ym_15deg.kpi.gz model

Updated dark

exp.time = 1000 us

QtZAP ready to fly!

uv-phase [E] refresh

Parameters
wavelength 1.6 um v
cal. ampli 0,05

loop gain 0,05

aver. # frames | 10

Loop control

ICLOSE LOOR

MEMO

RECAL ABORT

ERASE SWAP

| pity the
LWE fool!

@KEHNEL

wavefront [£] refresh

Residuals

- Address NCPA

- Asymmetric mask (pupil)

- On-sky closed-loop control

- Focal plane based WFS
Low-order (Zernike and LWE)

modes.

- mode compatible with
coronagraphy in development



Speckle Control

Speckle nulling, in the lab
and on-sky (no XAO).

Experience limited by
detector readout noise
and speed.

KERNEL project: C-RED-
ONE camera.

From:
- 114 e- RON
- 170 Hz frame rate

To:
- 0.8 e- RON
- 3500 Hz frame rate

Expect some updates

€D bsgratolre




Conventional Lyot Coronagraph, Broadband light: 0.9-1.7 um (62% wide band)

Raw Contrast Open-loop contrast stability Contrast stability over 0.6 sec

4
ﬁ

7P 10"

6.1 -59 -58 -56 -55 53 -52 -5 -49 77 -74 -71 -68 -65_ -6.2 -59 -56 -53 9.94e-10 9.01e-09 2.50e-08 4.90e-08 8.11e-08

Average raw contrast [15-20 1/D] Average raw contrast stability [15-20 1/D] f«verage raw contrast stab '.I'tY [11':.”4 /D]
=2.3e-6 = 55e.8 = 1.1e-8 (averaged value within white box)
) =T Contraziwsggggﬁig Eggznz%gg;i : ° : \
.. sises — | o F | < Raw contrast
— :
_ : V\\'/N‘ T 1
- and contrast stabilit g 0 o0—0© S ] contrast stability
‘ ~ (openloop) | 8 ol -
: : : : Contrast stability
: IR S A (Tip-tilt removed) stability floor
| | ﬁ f 2 . ‘
e 5 10 15 20 % 30 5 10 100 1000

Time interval [ms]



Linear Dark Field Control (internal source)

Near-IR spatial LDFC validation @ SCEXAO LDFC contrast stabilization
- . 2e-0G . . . . — .
Frame rate = 170'Hz, Lyot coronagraph in near-IR et i
(1.55um, 50nm wide band) Row Contrast:stability (o=, 20) —
0. 7e6
1,5e-06 |
C=1.25e-5 speckle at 13 A/D separation
M A

(a) No aberration
LDFC ON

(b) LDFC OFF
speckle injected

Contraszt

T U

5e-07 |

Dynamic test, 591 modes controlled
Aberration char. timescale = 160 ms
LDFC loop frequency = 170 Hz

1.6 frames latency

3 10 15 20 iz} a0 a0
Separation [1/0]

(c) LDFC ON

Measured
LDFC BF
2 signal

" response to
single
actuator
poke

act#735 act#1063 act#1920




Coherent Speckle Differential Imaging

()

Pupil amplitude | DM probe #0

(a

Mormahzed Inensity

15

#fi‘rrrrrr #

FrrrrY;

08

Probe IMaginary Compamsnt
o

. E 2
:-. E 05
ek .
\ “-h’.‘\“\u oY b ALV VLA
b b :u |
} :: 1
DM probe #2 DM probe #3 DM probe #4 - g
— 15 = a8 1] 0s ' 15

Probe mal componani

00018

4 G0 Te-db 0 04 4 0008 o.0012

0.0012 4 odE

O.0018

(b)

4.08e11 8.10e08 24307 48507 B8.0907



User Interface and
programing / scripting

Top-level ASCII-based menus
launch cacao programs in
tmux sessions

bash scripts assist with:

- sequencing between tasks

- hardware resources allocation
(CPU cores, GPUs, memory)

<

Users can code new
processes in C or Python

<

To be upgraded by more capable
KRAKENS python-based tool
(currently in development)

Developing well-documented
examples users can modify



Example control GUI (bash scripts)

A0 loop top menu
TOP MENU
[Active conf [ Mon Apr 16 12:48:16 UTC 2017 ]

= DH CHANNELS AND OUTPUT (dmcomb process)

B [86] Set DM index
duxs [56] Set DM x size (if modal control, = number of modes)
duys [50] Set DM y size (1 if modal control)

nmain DM (ne Link -> DM actuators are physical actuators

k)
Auto-configure: DM output Linked to other loop -> DN actuators represent modes

Modes constructed from spatial DM actuators (select to toggle to MODAL)

] DM-to-DM is OFF (select to activate virtual (modal) DM to physical DM mode)

[ OFF ] CPU-based dmcomb output WFS ref is OFF (select for DM ouput applied as WFS offset)
[ MISSING | WFS Resp Matrix 20l0_dmrefRM > empty

[ MISSING | WFS zp cutput stream 20l0_dmiref0 -> empty

[ ON ] De-activate DM volt output [-> davolt]

[8] DM combination averaging mode

[8] Set DM delay value [us]
[DM delay is OFF] press to toggle DM delay to ON state

(re)-START DM comb process {-> dnddisp00..07 dmOBdisp)

INFIGURE AND CONTROL

CALIBRATE SYSTEM [CPAmax = 22.6] RM, (M -> staged (compute masks)
CALTBRATE SYSTEM [CPAmax = 22.8] RM -> staged (Re-use masks)
RH > CM (staged)

ADOPT CALTBRATION: staged -> conf, SharedMem

Toad all (M)emory

(C)onfigure/Uink A0 loop

s and Control Matrix

Control AD {L)oop

Predictive Control
Filtering

List running AD processes, locks
Te: imulated AD system
View / monitor

Record / analyze




Software ecosystem integration &

High performance hardware abstraction de Paris

sevin@nonobook: ~fworkspace/greenflashfkraken

File Edit View Search Terminal Help
Kraken

< Conflg file: KrakenConf/sdatasKrakenRTC_sh_16x16_8Spix.py
¢ Config RTC: Compass
[X] Debug
[ 1 FastMode
< Startup
Open TMUX

Python 3.6.5 |Anacond;
‘Type 'copyright', ‘cri
IPython 6.4.8 -—- An &1
QLayout: Attempting tu
y has a layout
Jhome/sevinsworkspace,
HESHA_DE_ROOT' not de:
sha/data/
warnings.warni " 'SHE!
shesha_savepath: /hom
loading: KrakenRTC_sh

13 1

P > @) o043/052

https://youtu.be/BMHeGeKfEsO

gFile /tmp/compass_validsubs.im.shm size: 177é

p atype = 9

' @l svatoire  LESIA

Using CUDA_SM=61
Using CONDA_ROOT=/homessevinfpackages/miniconda3
Using HRAAPATH=/home/sevin/workspace/codes
Using OPENBLAS_ROOT=/home/sevin/local fopenblas
Using MAGMA_ROOT=/homessevin/local/magma
Using CACAD_ROOT=/home/sevinfworkspace/cacao
Using GF_ROOT=/home/sevin/workspace/greenflash
Using KRAKEN_ROOT=/home/sevinfworkspace/greenflash/kraken
Using CUDAINTERFACE_PATH=/home/sevin/workspace/greenflash/externals/CudaInterface
Using MULTIARRAY_PATH=/home/sevin/workspace/greenflash/externals/MultiArray
Python 2.6.5 |Anaconda, Inc.| (default, Apr 29 2018, 16:14:56)
Type 'copyright', 'credits' or 'license’ for more information
IPython 6.4.8 An enhanced Interactive Pythonm. Type '?' for help.
fhome/ssevin/workspace/compass/shesha/shesha/init/lgs_init.py:18: UserWarning: 'SHESHA_DE_ROOT' not define
d, using default one: shomessevin/workspace/compass/shesha/data/s
warnings.warn( " 'SHESHA_DE_ROOT' not defined, using default one: " + shesha_db)
shesha_savepath: shomessevin/workspace/compass/shesha/data/
loading: KrakenRTC_sh_16x16_8pix
shared memory space = 1776 bytes
Creating 18 semaphores
mallec semptr 18 entries
image->md[@].sem = 1@

1 ]

16:14:56)
Type 'copyright', 'credits' or 'license’ for more im|l
formation
IPython 6.4.8 -- An enhanced Interactive Python. Typ
e '?' for help.
fhome/sevin/workspace/compass/shesha/shesha/init/lgs
init.py:1@: UserWarning: 'SHESHA_DB_ROOT' not defin
ed, using default one: fhome/sevin/workspace/compass
fsheshasdata/

warnings.warn( " 'SHESHA_DB_ROOT' not defined, using|1
default one: " + shesha_db)
shesha_savepath: shomessevin/workspace/compass/shesh
afdata/
loading: KrakenRTC_sh_16x16_8pix
walting startup configuration
loading: KrakenRTC_sh_16x16_g8pix

-=C am

=dm

=RTC

oo~

image size = 2 184

atype = FLOAT

1 keywords

18 semaphores detected {image->md[@].sem = 18)
nvalid : 184

55 5303303003000 ®
200000
eI
IS @SN N U N WSO SN0 SN S




Software ecosystem integration & I,.@

vatonre —LESIA

High performance hardware abstraction de Paris
OCTOPUS Telemetry
e | S | S memey | eRawa | |omer. |

RTC Simu
KRAKEN

Host CPU app

Latency

measurement
GPU ram

Camera protocol
handler compute

kernels

DMC protocol
handler




Thank you !

https://github.com/cacao-org/cacao
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