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Abstract. LINC-NIRVANA[1] is an imaging Fizeau interferometer, for use in near infrared wavelengths, being
built for the Large Binocular Telescope[2]. Multi-conjugate adaptive optics (MCAO) increases the sky coverage
and the field of view over which diffraction limited images can be obtained[3]. For its MCAO implementation,
Linc-Nirvana utilizes four total wavefront sensors; each of the two beams is corrected by both a ground-layer
wavefront sensor (GWS) and a high-layer wavefront sensor (HWS). The GWS controls the adaptive secondary
deformable mirror (DM)[4], which is based on an DSP slope computing unit[5]. Whereas the HWS controls an
internal DM via computations provided by an off-the-shelf multi-core Linux system. Using wavefront sensor data
collected from a prior lab experiment, we have shown via simulation that the Linux based system is sufficient
to operate at 1 kHz, with jitter well below the needs of the final system. Based on that setup we implemented
an adaptive optics loop control application which includes the back-end number crunching loop pipeline from
camera readout to the DM. All intermediate steps of the loop are controlled by modular engineering GUI front-
ends for diagnostic and configuration. Those engineering front-ends can either be used together with the slope
computing unit (Basic Computation Unit BCU) which is used by the GWS and the initial Pathfinder[6] setup or
with the Linux based system (for MCAO operation of the HWS). The implementation of the Linux based system
is done similar to the internal process of the BCU. In this way both systems provide the same functionalities and
can be maintained more easily.

1 Camera Control

1.1 User Interface

The camera control widget (see fig. 1)is part of the engineering application for the LINC-NIRVANA
adaptive optics control software. The front-end display and configuration widget provides basic func-
tionalities to set parameters on the camera, which in our case is a CCD39 for the Mid-High-Layer
wavefront-sensor and a CCD50 for the Ground-Layer wavefront sensor manufactured by SciMes-
sure[7]. The image data from the CCD39 is pushed to the front end in a decimated frame rate from a
Linux machine on which the readout, slope computation and deformable mirror control is processed.
In case of the Ground-Layer wavefront-sensor the image data is received from a dedicated DSP based
slope computer from Microgate[8]. By starting the continuous or single readout process the the slope
calculation is triggered. Once the raw image data is received by the main server process additional pixel
corrections(Section 1.2.1 ) like bias, background and sensitivity can be applied before the corrected
data is handed over to the slope calculation as described in Chapter 2. The user interface provides:

– a raw ccd image display,
– camera specific configurations,
– and pixel based corrections (see Section 1.2.1).

Additionally an extra interface will be provided in which pupil masks can be set either automatically
or manually.
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1.2 Server Side Computation

1.2.1 Pixel Correction

The pixels are corrected for offset (bias), background and individual pixel sensitivity (flat field):

p′s = gsIps + os − b (1)
p′b = gbIpb + ob (2)

with gs and gb being the pixel gain for the slope and the background pixels and os, ob being the offset
for the same pixels. b is the average background, determined in the background pixels:

∀i ∈ [1,Nbg] : bi = abgFb (3)

with abg = N−1
bg and Fb the integrated flux in the background pixels (Section 1.2.2).

The operator might decide to use a time-invariant background correction, that is calibrated im-
mediately before the acquisition. In this case it has to be considered in the offset os. Not used in
the real-time loop, an offset vector ou and a gain vector gu for the unused pixels are created during
calibration. They can be used to reconstruct a pixel corrected full frame.

1.2.2 Flux Computation

In this operation the flux integrated over all slope pixels and over all background pixels is computed:

Fs =
∑

i

p′s,i (4)

Fb =
∑

i

p′b,i (5)

The fluxes are used for slope normalization (Section 2.2.1) and pixel correction (Section 1.2.1).
The Xinetics DM control loop waits for the full frame, before the slopes are computed. In this case the
flux computation can actually be carried out as the first operation after pixel sorting.

2 Slope Control

2.1 User Interface

The slope control widget (see fig. 2) gives the operator a feedback about the current slope calculation
and lets him interact with certain aspects of the slope calculation process. The display of the calculated
slopes is also throttled to a reasonable amount of displayable frames per second. By using a gray scale
the amplitude of each slope is represented and also a directional vector shown for each slope. The
display lets the operator mask and unmask slopes by selecting them on the display. The engineering
control GUI provides the following functionalities:

– Slope display including direction and slope amplitude.
– Slope normalization method may be selected .
– Slope linearization, which is currently not used but maybe in future implementations.
– The slope offsetting is manly used for calibration purposes.
– Each subsection can be enabled/disables separately
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Fig. 1. Engineering GUI for wavefront-sensor camera. Fig. 2. Slope display and calculation configuration.

2.2 Server Side Computation

2.2.1 Slope Computation

Once the slope pixels are corrected, the slopes can be computed. The corrected slope pixels Aj, Bj, Cj,
Dj that belong to the same sub-aperture j will be used to calculate ŝ j,x and ŝ j,y.

ŝ j,x = K
(
−A j + B j −C j + D j

)
, (6)

ŝ j,y = K
(
A j + B j −C j − D j

)
∀ j ∈ [1,Nsub] (7)

K is the slope normalization factor, which can be one of

– inverse sub-aperture average

Ksa =
1

A j + B j +C j + D j
(8)

– inverse pupil average
Kpa = (asubFs)−1 with asub = N−1

sub (9)

– damped inverse pupil average

K( f )
pa = gK−1K( f−1)

pa + (asubFs)−1 (10)
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– constant
Kc = const (11)

The undamped pupil average normalization is a special case of the damped one, in which the
previous slope normalization factor is not considered. Fs is the integrated flux in the slope pixels
(Section 1.2.2).

The slope vector ŝ combines the directional slope vectors:

ŝT =
(
ŝ1,x, ŝ1,y, ŝ2,x, ŝ2,y, . . . , ŝNsub,x, ŝNsub,y

)
(12)

2.2.2 Slope Linearization

The response of the pyramid wavefront sensor is not linear. The deviation from the linear response
becomes larger for larger slope values, when the slope signal approaches the maximum value of 1 or
the minimum value of -1.

Slope linearization is optional. If no linearization is configured, the slope vector is further pro-
cessed as described in the next section with

s̆ = ŝ (13)

The linearization is done by the help of lookup-tables. The length of the table NlinLUT is config-
urable. The first element of the lookup-table L corresponds to a slope input value of 0, the last element
corresponds to an input value of 1. The slopes are linearized as follows:

∆s = (NlinLUT)−1 (14)
sfloor = n∆s ≤ |ŝ j| (15)
sceil = (n + 1)∆s ≥ |ŝ j| (16)

s̆ j = sign(ŝ j)
(
L (sfloor) +

L(sceil) − L(sfloor)
∆s

(
ŝ j − sfloor

))
(17)

More than one lookup-table can be used. For each slope the corresponding lookup-table has to be
selected from the set of available lookup-tables.

2.2.3 Slope Offsetting

The slope processing continues with the addition of slope offsets:

s̊ = s̆ + soffset + stt + α ( f ) sdis (18)

The offset slopes vector soffset is used to offload constant slopes, e.g., to deal with static aberration.
stt can be used to introduce a global tip-tilt. Its elements alternate between sx,tt and sy,tt
The last term allows to introduce frame (≡ time) dependent disturbances, for on-sky calibration

purposes. The vector sdis represents the slope pattern that generates the mode that is to be calibrated.
The factor α( f ) is used to modulate the disturbances from frame to frame.

3 Modes Control

3.1 User Interface

The modes control interface (see fig. 3) provides a display in which the amplitude of of each mode
is shown. The maximum amount of modes can be set and in later versions it will be possible to
selectively apply modes and disable others like tip/tilt. The following functions are provided to control
calculations which are processed from slope space to dm command space. The following functions are
provided to control the this calculation pipeline:
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– De-rotation has to be be compensated by rotation of the reconstruction matrix every degree of field
rotation

– Optional calculations can be activated:
– seeting mode gains
– applying mode filter and slope filter
– The injection/command matrix has to be set (see section 3.2.2).

3.2 Server Side Computation

3.2.1 Modes Computation

The slope vector is sent to the reconstruction algorithm implemented in LAOS (LINC Adaptive Optics
Software). In this step the slopes are converted into coefficients of the modal system that is used:

m( f ) = gI
(
B0s( f ) + d( f−1)

)
+ e( f−1) (19)

m( f ) is the vector of calculated modal coefficients, which decompose the current wavefront. B0 is
the reconstruction matrix with Nmod × Ns elements, which converts the slopes vector into modes. I is
an identity matrix with Nmod elements - introduced here only to represent the need to multiply each
resulting mode with its corresponding gain, which is stored in the gains vector g.

B0s( f ) is the residual wavefront error, expressed in modes, as it is measured in the current frame
f . To get to the modal approximation of the full incoming wavefront, including the correction that
is already subtracted from the signal by the deformable mirror in the control loop the pre-calculated
vector e( f−1) has to be applied. For a simple integrator e( f−1) = m( f−1). But the reconstructor allows
also for more sophisticated digital recursive filters, in which the pre-calculated vectors d( f−1) and e( f−1)

are applied. d( f−1) are the slopes, e( f−1) the modes, that have been computed in course of processing
frame f − 1 as described in Sect. 4.2.2.

At this point, a sanity check of the resulting modal coefficients should be performed:

∀mk ∈ [1,Nmod] : ∃ mk with
|mk | > mmax,k 7→ skip frame (20)∣∣∣∣m( f )

k − m( f−1)
k

∣∣∣∣ > ∆mmax,k 7→ skip frame (21)

3.2.2 Command Vector Computation

A transformation matrix M is used to calculate the new position command vector:

c( f )
mod =Mm( f ) (22)

The new position command vector may also contain a test disturbance component, which is used for
calibration:

c̄( f )
1 = c( f )

mod + c( f )
dis (23)

Furthermore, a new bias command vector is computed:

c̄( f )
0 = c0 + c( f )

MOL (24)

c0 is a constant bias command, which can be used e.g. for flattening. c( f )
MOL is an offload position

command, which may change on-the-fly. In the AdSec control loop the bias command vector may be
extended by internal commands that are based on AdSec internal accelerometer readings.

The final command vector combines position command and bias command vectors:

c( f ) = c̄( f )
1 + c̄( f )

0 (25)
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Another sanity check will be performed for the resulting command vector:

∀cl ∈ [1,Nact] : ∃ cl with
cl > cmax,l 7→ skip frame (26)
cl < cmin,l 7→ skip frame (27)∣∣∣∣c( f )

l − c( f−1)
l

∣∣∣∣ > ∆cmax,l 7→ skip frame (28)

4 DM Control (Xinetics)

4.1 User Interface

The DM control view visualizes the current stroke on each actuator of the DM. The operator/engineer
can supervise the DM shape. In respect of the DM calibration

– flat vector
– sensitivity vector
– and nonlinearity vector

can be applied before actually setting the DM. Those parameter are only used by the Xinetics DM.
For ground layer AO operation together with the Adaptive Secondary mirror of LBT the complete DM
procedures are done by the LBT First Light AO system.

4.2 Server Side Computation

4.2.1 Command Vector Computation

A transformation matrix M is used to calculate the new position command vector:

c( f )
mod =Mm( f ) (29)

The new position command vector may also contain a test disturbance component, which is used for
calibration:

c̄( f )
1 = c( f )

mod + c( f )
dis (30)

Furthermore, a new bias command vector is computed:

c̄( f )
0 = c0 + c( f )

MOL (31)

c0 is a constant bias command, which can be used e.g. for flattening. c( f )
MOL is an offload position

command, which may change on-the-fly. In the AdSec control loop the bias command vector may be
extended by internal commands that are based on AdSec internal accelerometer readings.

The final command vector combines position command and bias command vectors:

c( f ) = c̄( f )
1 + c̄( f )

0 (32)

Another sanity check will be performed for the resulting command vector:

∀cl ∈ [1,Nact] : ∃ cl with
cl > cmax,l 7→ skip frame (33)
cl < cmin,l 7→ skip frame (34)∣∣∣∣c( f )

l − c( f−1)
l

∣∣∣∣ > ∆cmax,l 7→ skip frame (35)
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Fig. 3. Statistical modes display, and post slope calcu-
lation configuration.

Fig. 4. Deformable mirror stroke display and mirror
configuration.

4.2.2 Filter Computation

In the modal reconstruction (Section 3.2.1) the input signal (slopes) and the output signal (modes)
can be shaped by temporal digital recursive filters. These filters consider the slopes and the modes of
previous cycles up to depths, which can be defined. The modes e( f ) and slopes d( f ) calculated for the
current frame will be used in the next reconstruction cycle.

e( f ) = A1m( f ) + A2m( f−1) + . . . + ANfmod m( f−Nfmod+1) (36)

d( f ) = B1m( f ) + B2m( f−1) + . . . + BNfs m
( f−Nfs+1) (37)

(38)
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