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PART QUALITY in additive manufacturing
(AM) is highly dependent on process control,
but there is a lack of adequate AM control
methods and standards. In particular, a stan-
dard programing language (such as G-code/
M-code for traditional machine tools) is not
well defined, and there is no uniform/transpar-
ent way of implementing laser scan strategies
among the AM machine vendors. Many earlier
studies of the AM process are based on the
limited control parameters with access allowed
by the machine vendors, such as the nominal
laser scanning speed, power, and layer thick-
ness. These studies provide invaluable infor-
mation on the understanding of the AM
process fundamentals but are limited by the
lack of transparency of the underlying AM
control implementations. Due to varying pro-
prietary control methods, the build quality
could be very different on different machines
even with identical strategy/nominal control
parameters. This creates great uncertainty in
part qualification, and difficulty in the build
process study and optimization.

Laser Control

Laser powder-bed fusion (L-PBF) (Ref 1) is
one of the most-used metal AM techniques.
The part is built layer by layer by scanning a
high-energy laser beam to melt a cross-sec-
tional area out of each powder layer. Figure 1

shows a simplified laser system for the L-PBF
process, where a focused laser beam is guided
onto the flat build plane by a pair of mirrors with
controllable angular position. The position of the
focusing lens along the optical path is usually
adjustable, allowing a variable focal distance
and hence an adjustable laser spot size. The mir-
rors are turned by a pair of orthogonal configured
galvanometer (galvo)motors, which create anX-
Y coordinate on the build plane (Fig. 1). The
laser power can be turned on and off by a digital
input and adjusted continuously by an analog
input. The laser power must be fully synchro-
nized with the position of the laser spot to build
a high-quality part. Thus, the laser control
includes laser focus, laser power, laser position,
and synchronization.

Laser Focus Control

While the laser beam can be positioned by
rotating the mirror, this rotation also changes
the focal distance from the lens to the build plane
(Fig. 1). This change in focal distance can be
compensated by moving the focusing lens along
the laser path by a linear motor (Fig. 2a). This is
known as flat-field compensation. Assuming the
perpendicular distance from the rotating mirror

to the build plane is R and the scan angle is y,
moving the focusing lens to the mirror by Dz =
R/cos(y)� R will keep the focal length and thus
the laser spot size nominally constant. The flat-
field compensation can also be achieved by an
F-theta lens (Ref 2), as shown in Fig. 2(b). The
focal plane of a standard focusing lens forms a
curved surface, whereas the focal plane of an
F-theta lens forms a flat surface. Moreover, for
a standard lens, the surface travel distance x by
a rotation angle y is F � tan(y), and for an F-theta
lens is �F � y (Fig. 2b).
TheF-theta lens simplifies the control, but the

moving lens (by a linear motor) enables the
active control of the laser spot size. However, if
a linearmotor is used for the flat-field compensa-
tion, it must continuously move according to the
galvo x- and y-positions. A major challenge is
that the linear motor is usually much slower than
the galvo motor, due to the greater inertia. One
possible solution is using both an F-theta lens
for the flat-field compensation and the linear
motor for the active control of the laser spot size.
The laser spot size depends on where the

build plane intercepts the laser beam. Figure 3
shows a laser spot size calibration conducted
on an L-PBF testbed by moving the build
plane height, Z. This is equivalent to moving

Fig. 2 Flat-field compensation. (a) Active control of focal distance. Comparison of (b) standard focusing lens
(c) with F-theta lens

Fig. 1 Schematic showing focused laser beam guided
to the build plane by a pair of mirrors driven by
galvanometer (galvo) motors
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the focusing lens in Fig. 2(a). The larger the Z,
the closer the build plane is to the focusing lens.
An upward-facing pixel array is used to image
the attenuated laser beam. The image is then
fitted with a two-dimensional (2D) Gaussian
curve to determine the D4 sigma (D4s) diame-
ter. The 2D Gaussian fit equation is shown in
Eq 1, where the coefficient A is the amplitude;
x0, y0 is the center; and sX and sY are the stan-
dard deviations along x- and y-axes:

D4s is an InternationalOrganization for Standar-
dization standard (Ref 3) for laser diameter mea-
surement, which is four times the standard
deviation of the distribution of intensity along
the axis it is measured. In Fig. 3(a), the D4sx

and D4sy are the diameters along the major (x)
and minor axes (y), respectively. D4sxy is the
average of D4sx and D4sy. The similarity of
D4sx and D4sy shows that there is very little
elliptical distortion. Figure 3(b) shows 2DGauss-
ian fitting, where the mesh is the fitted function.

Laser Power Control

For a standard laser unit, the laser power is
set by two voltage inputs: a digital input (DI)
to turn the laser power on/off, and an analog
input (AI) to set the laser power level. The out-
put laser power can be monitored by an analog

output (AO). An experiment is conducted to
examine the performance of a 400 W fiber
laser unit that is typical of commercial L-PBF
systems based on AI and AO, while DI is left
on. The AI is programmed to scan the laser
power from 51 to 450 W at 1 W incremental
pulse steps; for each step, the power is kept
on for 1 ms (part 1). The scan is then repeated
with these 400 power values in a random order
(part 2). The AI and AO voltages were col-
lected at 100 kHz and plotted in Fig. 4(a).
Enlarged views around one of the pulses are

shown in Fig. 4(b) and (c). The rise time, fall
time, and response time are marked on the fig-
ures. Figure 4(c) shows there is an approxi-
mately 40 ms delay between AI and AO, and it
takes another 20 ms for the laser power to rise
above 80% of the nominal value. The response
time here is defined as the sum of delay time
and rise time. The response time is analyzed for
all the 800 pulses, and the results are shown in
Fig. 5(a). An external photodiode was used to
verify that there is no observable delay between
the AO and the actual laser beam power. Parts
1 and 2 of the data were separately analyzed
and showed the same patterns.
According to the manufacturing specification,

an AI voltage of 1 to 10 V sets the laser power
from 0 to 400 W, and an AO voltage of 0 to
4 V represents laser power of 0 to 400 W.
Figure 5(b) compares the command power to
the monitoring power based on these conversion
scales. The relationship is quite linear but
slightly off from the expected x = y curvemarked
in the figure. A laser power meter (Ref 4)
can be used for laser power measurement.
A polynomial can be determined based on the
measurement for more accurate AI-to-laser-
power conversion. The purpose of Fig. 4 is to
provide a basic understanding of a laser system
performance. It provides useful information on
the AM control design discussed later.

Laser Position Control

A laser beam is guided onto the build plane
by a pair of mirrors turned by galvanometer
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Fig. 3 Laser spot size calibration. (a) Laser beam D4s
diameter at different heights Z. Sample images

are shown at Z = 22 and 26 mm (0.87 and 1.02 in.).
(b) Two-dimensional Gaussian fit for a laser beam image
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motors. Figure 6 shows a conventional galva-
nometer. It is an instrument for measuring
electrical currents by deflection of a moving
coil. The electric current flowing through a
coil in a magnetic field creates a torque pro-
portional to the current. A galvo motor works
using the same principle: It positions the coil
based on the rotary encoder (which can be
thought of as the opposite of a dial indicator
in Fig. 6) feedback by applying a current/volt-
age across the terminals.
Therefore, a galvo motor is a limited-rota-

tion direct current servo motor. To drive it,
the digital command first must be converted
into an analog signal. This is shown in Fig. 7.
The digital-to-analog receiver, galvo driver,
galvo motor, and mirror are usually packaged
into a metal box for better mechanical

protection and electromagnetic shielding. The
position command is transmitted as a digital
signal to the scanner box, and analog conver-
sion occurs locally inside the box. Digital
transmission is free of transmission noise if
properly implemented, which is important
because galvo motors are very sensitive.
A commonly used digital transmission pro-

tocol for galvo is XY2–100 (Ref 6). It uses a
DB-25 connector and can update the galvo
position with a frequency up to 100 kHz. Each
x-, y-, and z-position is converted into a 20-bit
pack to transmit. The first 3 bits are the header,
the middle 16 bits are the data, and the last
bit is the parity. The transmission rate is
100 Kbps � 20 = 2 Mbps (megabits per sec-
ond). Figure 8 shows the connector wiring
and timing diagram. Signals are transferred as
differential pairs to minimize noise. The clock
is 2 MHz, and it takes 10 ms to transmit a
20-bit pack. The beginning of the packet is indi-
cated by a synchronization pulse. There are also
18- and 20-bit data versions of the XY2–100 pro-
tocols that support higher resolution. The XY2–
100 protocol is parallel, because each channel
takes a separate pair of transmissionwires. Serial
protocols such as the SL2–100 (Ref 7), in which
all information is transmitted through a single
pair of wires, are also available.
Although the galvo rotation control is

closed-loop with encoder feedback, the laser
position control is open-loop because the in
situ laser spot position measurement and
feedback are not trivial. A galvo calibration
is required to create a mapping between the
galvo rotary position to the laser beam position

on the flat build plane (Fig. 2b). This can be
done in two steps:

1. Create an approximated linear mapping
between the galvo rotary position (y) and
the laser position (x).

2. Conduct a calibration to obtain a second-
order correction polynomial for thismapping.

Figure 9 shows a typical galvo calibration
method, known as the mark-and-measured
method (Ref 8), in which a pattern is scanned
on an anodized aluminum plate (Fig. 9a)
and measured with an optical coordinate-
measuring machine (Fig. 9b). The difference
between the command position and measure-
ment position can be plotted as the error map
(Fig. 9c), and a correction polynomial can then
be derived. An imaging-based in situ galvo
calibration method can be found in Ref 9, where
an optical reference is imaged by the coaxial
camera to construct the actual scan path in the
coordinates defined by the optical reference.

Laser Power-Position Synchronization

For an AM process, the laser power must be
turned on and off at the right position and right
time. This is referred to as laser power-position
synchronization. Poor synchronization could
result in dimensional inaccuracy and defects
(Ref 10). There are two major sources of syn-
chronization errors: poor compensation of the
difference between laser power and galvo
response times, and the following error in the
galvo position.
A galvo scanner is a mechanical device and

takes a much longer time than the laser power
to respond. To synchronize the laser power to
its position, a time delay (tdelay) must be intro-
duced to the laser command. This delay can be
estimated by a careful analysis of the control
hardware or a visual inspection of a specially
designed scan pattern (Ref 5). A sample scan
pattern is provided in Fig. 10(a). The grid
spacing is 0.2 mm (0.008 in.) and can be used

Generate X-Y
position

command

Package into
XY2−100 digital

format Digital signal
transmitted as

differential
pairs at 2 Mbps

Convert position
to analog voltage

Closed-loop
servo

Drive
current

Encoder
position

Controller PC FPGA D/A receiver Galvo driver

AnalogDigital

Fig. 7 Schematic showing additive manufacturing scan control. PC, personal computer; FPGA, field-programmable
gate array; D/A, digital-to-analog. Source: Ref 5

Fig. 8 XY2–100 protocol. (a) DB-25 pin layout and connector wiring. (b) Transmission timing diagram. CK, clock; SYNC, synchronization; CH, channel

Fig. 6 Conventional galvanometer, with deflection of
the coil proportional to the current flow
through it
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as a time scale if the speed is known. The outer
trapezoid provides slightly tilted boundary
lines, making the small deviation more visible.
Scans are conducted on black anodized alumi-
num sheets with different tdelay. Figure 10(b)
and (c) compare scan patterns by tdelay = 1.23
and 1.20 ms, respectively. The lines intersect
better at tdelay = 1.20 ms, as indicated by the
red arrows in the blow-up regions.
Poor synchronization between laser power

and position can also be caused by the follow-
ing error. This occurs when the galvo cannot
accelerate fast enough (Ref 10). The galvo
acceleration can be tested by a swept-sine
wave in Eq 2, where A is the amplitude, t is
time, and f(t) is the frequency:

X ¼ A � sin 2p � f tð Þ � tð Þ (Eq 2)

Figure 11 shows the test results, where Xc = sin
(200 � p � t2) is the commanded position, and
Xm is the measured position by the galvo
encoder (Fig. 7). Velocities and accelerations
are the time derivatives of the positions. As

t increases, the required velocity and accelera-
tion increase. Xm quickly lags behind Xc

because the system cannot provide enough
acceleration (power) to catch up. The gap
between Xc and Xm is the following error.
The swept-sine wave test can be used to deter-
mine the operating range of the galvo (Ref 5).
Different velocity profiles can also be used to

program the scan path to lower the requirement
on acceleration (Ref 11), which is discussed
more in the section “AM Control Framework”
in this article.

Scan Strategies

Scan strategy discussion focuses on laser
scan path planning and execution. The laser
control and scan strategy are closely related
because the laser control enables/limits the
implementation of the scan strategy. Skywrite
scan strategy is used as an example to explain
the consideration and limitations behind scan
strategy implementation. Skywrite is a com-
mon scan strategy on commercial machines,
in which the scan path is allowed to overshoot
to maintain a constant speed while the laser
power is on. The transient state of the scan is
emphasized.

Scan Path Reconstruction

The use of the standard XY2–100 protocol
provides a way to reconstruct the scan path from
the digital command signal sent to the galvo
scanner (Fig. 7). Figure 12 shows an example
in which the digital command sent to the galvo
scanner on an L-PBF additive manufacturing
machine is intercepted and plotted. Figure 12(a)
is the command path screen captured from the
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machine/user interface; Fig. 12(b) is the recon-
structed path from the signal intercepted.
Because the time interval between each point
is known, the speed and acceleration can also
be derived and are plotted in Fig. 12(c). The
scan path reconstruction provides a tool to study
theAM scan strategies on a closed-platform sys-
tem in which the scan path/power information is
not provided.

Skywrite Strategy

tA 15 by 15 mm (0.6 by 0.6 in.) square pad
was scanned on an L-PBF additive manu-
facturing machine with Skywrite scan strat-
egy, with the laser speed set at 750 mm/
s (30 in./s) for the infill and 400 mm/s (16
in./s) for the contour. The complete scan path
is read and plotted in Fig. 13(a), and the first
few hatch lines are plotted in Fig. 13(b)
alongside the derived speed and acceleration.
A jump in the speed/acceleration is observed
at the end of each scan, making following
errors unavoidable. However, this happens
only when the laser power is off. This is very
similar to the rapid mode in traditional
machine tool control. An extension (over-
shoot) path is inserted at the beginning/end
of each scan to allow the system to recover
from the following error caused by the jump.
Therefore, during the build (when the laser
power is on), the scan speed remains constant.
This is also referred to as constant build speed in
Ref 11. Many different types of scan strategies
are compared in Ref 11 and 13, and the most
uniform melt pool is achieved with a constant
build speed and constant laser power scan strat-
egy. This is essentially the same as the Skywrite
scan strategy.
The situation is slightly different for the

contour scan in Fig. 13(c). The plots show
the contour was scanned at a constant speed
without overshoot (not Skywrite) and with
the laser power always on. It is unlikely the
galvo can follow the sharp corners with a con-
stant speed. However, because the corner
region is already melted by the infills, it will
not affect the dimensional accuracy of the part.

Effect of Scan Strategy on Build
Quality

The build region in Fig. 13 is divided into
stripes and filled with scan lines perpendicular
to the stripe boundary. One reason for striping
is to keep the scan line short. Stripe strategy
may be considered a subcategory of the island
strategy (with long, rectangular islands). Stud-
ies show that island strategies can reduce
residual stress (Ref 14–16). There are many
ways to plan the scan path, but the basic rule
is always to cover the building area
completely. Overlaps, such as multiple con-
tours (toward the infill regions) and extended
interstripe boundaries, can also effectively

correct the issues that occur at the transient
state of the scan. Similarly, an interlayer rota-
tion of hatch-line directions can help to
improve the overlapping and reduce the
growth of columnar grains (Ref 17). Different
scan strategies can result in different residual
stresses (Ref 18) and can also be used to con-
trol microstructures by changing the local ther-
mal conditions (Ref 19).
The transient state refers to the beginning

and end of a scan. The galvo needs time to
accelerate and stop, and the laser needs time
to reach full power (Fig. 5). Therefore, if a
track is scanned, the actual laser speed/power
could be very different from the steady state
at the beginning and end of the scan. With
typical scan parameters, a fully developed

melt pool can reach 500 to 800 mm in length,
but the melt pool is much shorter at the begin-
ning. On the other hand, switching off the
laser power at the end of the scan suddenly
stops the molten metal supply. Because the
melt pool farther from the heating source is
cooler, the surface tension pulls the molten
metal back and leaves a bump at the begin-
ning and a crater at the end. This is shown
in the single-track measurement in Fig. 14.
The poor laser power-speed synchronization
during the transient state could also cause
uneven power density and trigger a lack of
fusion (Ref 10) or keyhole pores (Ref 20).
Different scan strategies are developed to
handle the issues caused by this transient state
of the process (Ref 11).
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Additive Manufacturing Control
Framework

There is a lack of industry standards in AM
control. Many AM machine vendors (Ref 21,
22) take proprietary approaches with their
implementation. Nevertheless, the underlying
technologies are believed to be the same. An
open-platform AM control framework (Fig. 15)
is used as a reference architecture to explain
the AM control implementation. The frame-
work consists of two major sections: software
and hardware. The AM software generates
time-sequenced positions (time-stepped digital
commands) from a three-dimensional com-
puter-aided design model through slicing,
path/power planning, and interpolation steps.
The AM hardware executes the digital com-
mands through the synchronized actions of the
laser system, powder bed, build chamber, and
monitoring devices. Feedback/feedforward con-
trol loops can be implemented based on the sig-
nals from the monitoring devices. Time-stepped
digital commands can also be verified/optimized
by simulation before sending to build. This
framework has been used to implement the Addi-
tiveManufacturingMetrology Testbed (AMMT)
(Ref 12, 23) at the National Institute of Standards
and Technology (NIST).

Additive Manufacturing Programming
Language

The traditional computer numerical control
(CNC) uses G-code (Ref 24) as the program-
ming language. G-code describes the tool path
by specifying the destination coordinate of
each move. The move can be a straight line
or an arc line. Therefore, G-code can be thought
of as line commands. The lines are then inter-
preted by the machine tool controller into time-
stepped digital commands to execute. The
time-stepped digital commands for the tool path
are simply the position coordinates updated at a
regular time interval and therefore can be
thought of as point commands.
Additive manufacturing galvo control techni-

cally is an example of CNC. Therefore, it seems
reasonable to use G-code as the AM program-
ming language, too. A modified G-code version
for AM control can be found in Ref 18, together
with its interpretation method. Another com-
monly used AM programming language is the
Common Layer Interface (CLI) (Ref 25, 26).
The CLI is designed as a universal format for
the input of geometric data to model fabrication
systems based on layer manufacturing technolo-
gies. It represents the scan path by contour, poly-
line, and hatches. Unlike G-code, CLI supports
only straight lines. For both G-code and CLI,
lines must be interpolated into time-stepped digi-
tal commands to execute.

Time-Stepped Digital Commands

A very important step in Fig. 15 is digital
interpolation. It converts the scan lines to

time-stepped digital commands. The XY2–100
protocol updates the x- and y-positions at 10 ms
time intervals (Fig. 8), so 10 ms is the time
step for the time-stepped digital command.
Figure 16 shows an example of how the digital
commands are created for a move from Y =
0 mm to Y = 0.155 mm (0.006 in.). The

displacement against time is plotted in Fig. 16
(a), and the AM G-code and time-stepped dig-
ital commands are shown in Fig. 16(e). The
digital interpolation step from G-code to the
time-stepped digital command can also be
referred to as G-code interpretation. By differ-
entiating the digital command with the time,
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the speed and acceleration profiles in Fig. 16(c)
and (d) can be obtained. However, for the
actual G-code interpretation process, the oppo-
site is true. The acceleration and velocity pro-
files are defined first and integrated to create
the time-stepped digital commands. This mini-
mizes the following error if the acceleration is
kept below the system limitation (Fig. 11).
The time-stepped digital command example

in Fig. 16(e) consists not only of the laser posi-
tion (X-Y) but also laser power, laser diameter,
and trigger for in situ monitoring devices. There-
fore, the laser power and diameter can be syn-
chronized with each scan point. This enables
the implementation of advanced scan strategies,
such as commanding the laser power be propor-
tional to laser scan speed, as shown in Fig. 16(b).
The same G-code can be interpreted into differ-
ent scan strategies according to different inter-
pretation modes (Ref 11).
There is very little published information

on how path interpolation is done on commer-
cial AM machines, but from the measure-
ments made (Fig. 12, 13), it seems step
velocity is commonly used. Step velocity
simplifies the path interpolation at the
expense of the following error. Figure 17 is
a comparison of paths with step and ramp
velocity profiles. The experiments were con-
ducted on the AMMT by NIST, and the mea-
surements were done by reading the galvo
encoder. For the path programmed by a step
velocity (Fig. 17a), there is a sharp corner at
the turning point (marked by a red arrow).
The actual (measured) move cannot follow.
For the path programmed by the ramp veloc-
ity (Fig. 17b), the corners are rounded, and
the actual path follows closely after the com-
manded path. Similarly, a comparison of
velocity shows that the ramp velocity can be

followed much more closely for the most
part, except at the sharp corners.

Pointwise Control

From the time-stepped digital command per-
spective, the AM part can be thought of as being
built point by point. For a typical scan speed of
1000 mm/s (40 in./s), each point is 10 mm apart.
If laser power for each point can be individually
adjusted to compensate for the variation in the
local thermal condition, theoretically a uniform
melt pool can be achieved. The local thermal
condition will vary mainly with two factors:
the local conductivity and the residual-heat
accumulation. A geometric conductive factor is
defined to quantify the conductivity of the as-
built structure and is used to proportionally scale
the laser power (Ref 27). A residual-heat factor

is also defined (Ref 19), to compensate for the
residual-heat variation due to the scan sequence.
These are typical examples of how pointwise
laser power control can be applied to improve
the build quality. Pointwise laser power control
can also be based on a physical simulationmodel
or a machine learning model (Ref 28). The
open-platform AM control framework (Fig. 15)
defines the time-stepped digital command as
the build files to enable pointwise control.

Real-Time Feedback Control

The discussion of AM control would not
be complete without real-time feedback control.
Figure 18(a) shows a block diagram for a real-time
feedback control loop based on a proportional-
integral-derivative (PID) controller (Ref 29).
A PID controller continuously calculates an error
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value as the difference between the desired set-
point and a measured process variable and applies
a correction on a control variable based on propor-
tional, integral, and derivative terms (denoted “P,”
“I,” and “D,” respectively).
Figure 18(b) shows the schematic for the

real-time feedback control implementation on
an L-PBF testbed. The control objective is to
keep the melt pool area (MPA) constant by
adjusting laser power, so the process variable
is the MPA, and the control variable is the
laser power. The melt pool images are taken
by a high-speed camera and processed in situ
to extract the MPA. The MPA is sent to a
PID controller to update the laser power. The
image processing and PID controller can be
implemented with a field-programmable gate
array (FPGA). A smart camera with an onboard
FPGA can process melt pool images and output
theMPAdirectly. A camerawith high sensitivity
can be used to reduce the exposure time. There-
fore, the bottleneck for this feedback control
loop is really the laser response time. Calibration
in Fig. 5(a) shows that it will take approximately
60 ms for the laser to reach its updated value.
The feedback control loop response time

decides its applications. If the response is fast
enough, it can be applied to keep the instanta-
neous MPA constant. This can be used to
address local/dynamic issues, such as the con-
centration of laser power density in transient
states and a variation of residual heat due to
scan sequence or overhang structure. If the
loop response is slower, it can still be useful
to adjust the average laser power to address
the change in the global thermal condition.
The process variable can also be other
monitoring signals, such as a photodiode or
pyrometers (Ref 30). The signal can also be
processed with analytical, physical, or statisti-
cal models. One of the biggest challenges in
the L-PBF process is the stochastic incidence,
such as large-sized ejecta from the melt pool
that may prevent the complete melting of a
local area (Ref 31). In such a situation, layer-
wise feedback control can be used to repair
(rescan) the area. Therefore, multilevel feed-
back control loops can be implemented.

Similarly, layerwise feedback can be used to
adjust the next layer scan strategy. This can
also be regarded as feedforward control.
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