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TOWARD AUTOMATED BEAM OPTICS CONTROL

Richard R. Silbar and David E. Schulrz
Los Alamos Narional Laboratory, Los Alamos, New Mexico 87545

Abstract

We have begun a program aiming toward automatic
concrol of charged-particle beam optics using arti-
ficial intelligence programming techniques. 1In
developing our prototype, we are working with LISP
machines and the KEE expert syctem shell. Our
tirst goal was to devalop a "mouseable" repre-
sentation of a typical beam line. This responds
actively to changes entered from the mouse or key-
board, giving an updated display of the beam line
itself, its optical properties, and the instrumen-
tation and control duovices as seen by the operator.
We have incorporated TRANSPORT, written in Fortran
but running as a callable procedure i{n the LISP
environment, for simulation of the beam-line op-
tics. This paper describes the experience gained
in meeting our first goal and discusses plans to
extend the work so that it is usable, in realtime,
on an operating beam line,

1. Introduction

Thers has been much activity lately in applica-.
tions of artificial intelligence (Al) techniques to
knowledge - intensive domains (1-3). We have recently
hbegun to evaluate such techniques for solving prob-
lems in accelevator control. Because there have
already been successful atteapts using Al to con-
trol other complicated processes [4,5], one has
good reason to hope for success in this venture.

Al programming techniques often contrast charply
with traditionsl computing approaches. One Al
technique that we use is object-criented program-
ming (00P) {6,7]. This encourages developing a
computer model which closely resembles the real-
vorld problem. Using OOP it is easier to dubug,
explain, and verify the model. It is also sasier to
add a new feature (object) to the model because a
new object can inherit most of {ts charactaristics
and behavior from existing objects. The new object
ther. nasds only slot-valus changes to reflect what
{s different about that particular device. Bescaure
of the parcitioning of program behavior--the es-
sencs of OOP--different objects will not intarfere
with each other programmatically,

Another technique we use i3 symbolic modeling.
Since such & mocdal has causal relationships bhullt
{n, actiors leading up to an event can be eesily
described (8). Tn contrast, the relatfonships in a
numerical model are oftan struccurelly opaque. That
{s, intermediate steps {in a calculaticn are not
necenvarily clossly rulatad to the underlving
physical process (8!, and this makes cause/effect
e'planations di{fficulc. There are many problens,
however, that have an el igant and afficient nolu-
tion using traditional algorithms, For these
ptoblems one should not even consider Al tach-
niques, Control of beam uptics appears to be
somewhere between the extremes of purely algo-
rithmic and purely symbolic approaches. Thus, as in
Rof. 9, the project described hete usee a numerical
model hased on a Fortran code (operating tn the
[LISP environment) to aimulare beam line behavior.
With the re,ulte of the numerical aimulation always
avallable to the Inference engine, much of tha
decision-making In our model {s& symbolic {n nature.

Using the Knowledge Engineering Environment
(KEE) expert system shell, we havu built a proto-
type knowledge base which describes the charac-
teristics and the relationships of about 30 devices
in a typical beam line. Each device is categorized
senerically and pertinent attributes for each
category are defined. Specific values representing
sta'ic and dynamic characteristics for each device
are assigred to slots in frames. These slot values
are constrained by data type and any limitations or
restrictions on the range of the daca.

Relationshi s between the various bean-line
deviceas are modeled using rules, active values, and
object-orientad methods. Our knowledge base pro-
vides a framework for analyzing faults and offering
suggastions to assist in tuning, based on informa-
tion provided by the accelerator physicists (domain
experts) responsible for designing and tuning the
beam line. There is a general-purpose mechanism for
determining device and beam-line status based on
device-specific critical parameters. This approach
simplifies knowledge acquisition by allowing the
domain expert %o concentrate on what is important
about a particular device without getting bogged
down {n trying to specify rules for {ct.

A powerful graphical {nterface allows the oper-
ator to "mouse"” on an icon fo. a particular item in
the schemat.c of the beam line and obtain device-
specific information and control over that device.
The beam optics code TRANSPORT is used to model the
beam line numerically, and any changes induced by
the operator (or eventually, by the accelerator
{tself) are automatically updsted on tha oparator’'s
display.

Preliminary indications from using our knowledge
base are that artificlal intalligence techniques
and traditional methods of numerical simulation
can, ard probably soon will, be succasifully com-
bined to provide a powerful tool for control of
accelerators.

2. The Problam

The problem chosen (10] {s tko tuning of the
first 30 devices {n the LAMPF H beam line, which
transports protons from the Cockcroft-Walton fon
source to the first emittance-measuring staticv
This trelatively small beam line Ls of an approprt-
ate size and complexity for a first prototype of an
Al-based accelerator concrol system The tuning
goals are to minimize the emittance growth of the
beam, to steer it, and tno match the output emit-
tance to the acceptance of the next section of the
accelerator beam line. These constraints define a
snall reglon in the transport phase space which
will provide an acceptable tune. Each time the {on
source changes, the beam-transport parameters must
be re tuned to accommodate the slightly different
claractecintics of the new scurce.

To Indicate the complexity ot the prgblcm under
d{scusaton, the major hardwere {: the i bheam line
{ncludes: two bendiny magneta, wmix steering mag-
netm, o'ght juadrupole magnets, a heam daflector,
an RF pre-buncher, four current moniftors, an smit.



tance measurement device, a beam-profile harp, two

phosphor viewing screens, a heam scraper with four

jaws, and an adjustable apercure. There are numer-

ous other connecting and support devices, minor but
vital to the correct operation of the beam line.

3. The Traditioual Approach to Beam Tuning

Manual tuning of a beam line {s an iterative
process involving many steps: steering, adjusting
quadrupoles, steering again, bringing deflector
plates, jaws, and apertures to tha edge of the
beam, and then repsating the process. The sata
obtained from the diagnostic devices that measure
beam characteristics are analyzed by Fortran pro-
grams running on the LAMPF VAX/VMS control system.
The analyzed data are then used to gene.ate beam
snvelopes and predict new tunes with a first-order
optics cods.

This information is available { . a graphical
or tabular form to the person tuning the beam line.
Working with the correlations that can be iden-
tified {n this data, along with knowladge of the
desired "design tune” and use of particle-tracing
codes, the opearator seeks to find a solution that
focuses and steers the beam from one end of the
Leam line to the ocher. This procedure works rela-
tively well, but {t is time-consuming and labor-
intensive, requiring close attention by highly
trained personnel. The operator must judge whether
the successive iterations are converging to an
acceptable solution. It {s not uncommon to find
that the converged-upon solution space is unaccep-
table; in such cases the work must be abandonad and
the procedure started over. The "better” aexperts
find many fewer unacceptable solutions, {.e., some-
how know how to avoid the pitfalls (locel minima in
the parameter space). Perhaps some beam-line tuners
are especially adept at extracting nuances froa
graphical data and exploiting them.

4. An AL Approach o Dean Tuniong

Yo have chosen to use a& hybrid of Model-Based
Reasoning (MBR) coupled with the beam optics code
TRANSPORT (11} to tackle the beam-line tuning
prohlem. We represent the beam line ising a sym-
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bolic model embedded in a KEE knowledge bage. It
describes the characteristics of and the relation-
ships among the devices {n the beam line. We cate-
gorize each device and define pertinent attributes
for each category. Specific values are assigned in
the knowledge base to represent each actual device.
Relationships between devices are modeled uring the
techniques of rules, active values, and object-
oriented methods. The knowledge base can be used

to:
1) Simulate the devices in the beam line,
?) Identify faulty devices for repair,
3) Monitor progress in a complex tune procedure,
4) Advise on tuning actions ("What do I do
now?"),
S) Explain advice given, and
6) ldentify faulty devices as they affect the
tuning procedure.
4.1 The Objects

Figure 1 shows some of the devices modeled,
together with their class/sub-class relatiorships
(denoted by a solid line). Dotted lines identify
particular members of a class. For example, the
class MAGNETS has sub-classes STEERING-MAGNETS and

QUADRUPOLE-MAGNETS. Each type
(specific instances), ruch as
labelled TASMOLH. All magnets

of magnet has members
the particular device
have certain charac-

teristics in common. These class-wide characteris-
tics are {nherited by the individual members of the
class, The values of a member’s slots reflact the
stata of that particular device.

4.2 The Active Valusgy

Active values model some of the actiona of the
devices Iin the beam line. For example, there (s &
method, or procedurs, associated with rhe active
value attached to any slot (attribute) on any
device that has a set-point and a tolerance. Active
values ensure that, overy time the value of the
slot changes, the method is automatically invoked,
The LISP code in this method could say, fer ex-
arple, that {f the value about to be stored differs
from the set-point valus by more than the toler-
ance, then this davice {s a candidate for teing tha
cause of any problea. Other evidwnce will be needed
to narrow down the prnblem to « specific device.
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4.3 Ihe Reasoning

Rules capture heuristic knowledge. For example,
the rule shown in Fij. 2 describes how to {solate a
problem using knowledge about current monitors. The
rule says that {f you find a current monitor read-
ing that is "not OK", then the possible causes of
the problem are those devices that affect that cur-
rent monitor (presumably, but not necessarily, up-
stream). Note the "wild-card"” variables beginning
with "?" in the rule. Even without knowing the syn-
tax of the KEE rule system, it {s relatively easy
for a casual reader to determine what the rules
mean.

(Uotput) The ExPp Al FORM N HE of the CMENOT-0F Uit

Own slou EXTERNAL FORM (rom CM-MDT-OK

Inherkanon SAME

ValueClass (LIST In kb KEEDATATYPES)

Avuniia (MAZPARSE in kb MALESYSTEM2)

Feom Inherhance UNIOM

Values (IF
((IN.CLASS 'BEAM BEAM-DESCRIPTION) AND
(THR CURRENT.MONITOROF.INTEREST OF IBEAM IS

TCM) AND

(THE BEAM.CURRENT.MONITOR OF 1CM I N-OK) AND
(THE DEVICEL THAT.AFFECT OF 'CM I8 !DEVICEN))
THENM (THE SUSPECT.DEVICES OF 1BEAM IS 1DEVICES))

Fig. 2. A Sample Rule

We have developed general-purpose rules for two
reasons. First, the specific detailed rules for
some situations have not yet been determined.
Second, gereral-purpose rules simplify knowledge
acquisition. For example, domain experts are well
avare of the critical parameters of each device but
it is often difficult to extract from them specific
rules about those devices. A device attribute that
{s a critical parameter (s given facets reflacting
the expected value, relationships, and resultant
state value. This framework supports CHECK-FCQ-GOOD
and CHECK-FOR-BAD functions. CHECK-FOR-GOOL simply
does an AND of all the critical parametars for a
given device. Fach critical parameter must match
the good relationship between expected and actual
values. Likewise, CHECK-FOR-BAD {s an OR of all
critical parameters. If any critical paramster has
a value that falls into a bad relationship wich the
expected value, then that device is designated as
having a bad status.

Heam eny elope (mmi) eWdistance (m)

4.4 sinulacing Rea) Data

Our knowledge base was originally developed on
TI Explorer and Symbolics 3630-series LISP machines
using the KEE development system. Recently it has
also been ported to a microVAX Al workstation that
has the ab{lity to communicate with the LAMPF con-
trol computer. For the present, however, the know-
ledge bage is not connected to the accelerator
real-time values. For that reason, we designed a
mouseable schematic to allow operators to select a
device of interest and display a related {mage
panel which displays the values of the interesting
paramecers for that device. The operator can then
enter data for test purposes., He selects and
changes a (simulated or, later, real) value by
positioning the mouse cursor on its icon ar image
panel and clicking a button on the mouse.

4.5 Incegration with Nugerical Simulations

To tune the device (or to display changes in the
ctuning vhen a fault occurs) wn make frequent use of
the beam optics program TRANSPORT (1l1]. When a
beam-devica paraneter changes, an active value
associated with that parameter invokes a method
that changes that value in a file representing the
"TRANSPORT input deck". Another method then re-runs
TRANSPORT, which writes its results to a standard
output file. This file is then parssd by a third
method, which extrrcts the new beam pogitions and
envelopes, transfer matrices, and phase space el-
lipses. These are used by the active images of the
knowledge base. In a nutshell, {f the operator
mouses on a beam element to change a parameter, the
changes {n the beam are automatically re-computed
and re-displayed. (See Fig. 3 for an example.) The
whole process takes only a few seconds; most of the
CPU time involved is spent oun setting up the FOR-
TRAN process and accessing files, not on the actual
TRANSPORT calculation.

Numeric outputs from the TRANSPORT prugram pro-
vide important pleces of knowledge needed to suc-
cessfully seleut the proper course of action during
a tuning procedure. For example, {f TRANSPORT re-
ports that the beam is off-axis at point B, we know
that only devices upstream from that point can be
the cause of the alignmert error.
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5. Current Status and Future Work

The following components of our knowledge base

have been built and tested:

1) A static model coutaining most of the infor-
mation about the beam line and the charac-
teristics of each device in {t.

2) Image panels that allow simulation of test
data.

3) A few rules using current monitor information
to ldentify cardidates for causing failure.

4) Active values that propagate device errors to
affect the proper current monitor.

5) General rules to identify device status based
on critical parameters.

6) Demonstration im..ge panels that allow
activation of the rule set and display of the
conclusions reached.

7) Conversion of TRANSPORT to run in the
LISP/KXEE world.

8) Image panels displaying phase space ellipses
anc beam envelopes.

9) Mouseatle schematic for oparator inter-
actions.

The symbolic model part of the prototype con-
sists of approximately 400K bytes of code and was
developed in about 3 man-months. An additional man-
month was spent on converting and getting the 9300-
line Fortran TRANSPORT code to run in the LISP en-
vironment. The intcrface between LISP and FORTRAN
and graphics support routines take an additional
100K byces. It is expected that the next stage in
the integration of TRANSPORT with the knowladge
base will take another 1-2 man months. While the
parts of the knowledge base we have builc so far
handle only a very small fraction of the total
problem, they nonethsless demonstrate the power of
the integrated software davelopment environment to
create useful models quickly.

The next steps in our developuent of the

knowledge base are to i{nclude:

1) Additional descriptions of the tuneup pro-
cedure,

2) Rules of thumb for clioosing which step is
nost useful to do next.

)) Additioral rules for detarmining device
failure that use diagnostic tools besides
the current monitors.

4, The identification and specification of the
criti:al parameters for all appropriate
devices.

5) Refinement coming from adi'ition of more
specific rules to handle less obvious #nd
less frequent problems.

6) Completion of the connection to the control
computer so ye will be able to use live data
from the beam line.

7) Other uses of TRANSPCRT to confirm diagnosis.

6. Ccnalusiona

The initlsl rasults of our work lLiave whown that
artificial {ntelligence techniques can be success-
fully combinsd with traditional methods of numeri.
cal slmulation. While only a small part of rhe
problem has been modeled so far, the {iterprata-
tions givan by the hybrid system match thows of
human onerators. [t {s expected that additional
rules will be able to capture mors fully the exper-
tise used by a beam-line physicict. Successful and
efficlent operation of future accelarators msy well
depend on the proper merging of symboli: reasoning
and conventional numerical slporithrs.
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