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AUTOMATION OF PARTICLE ACCELERATOR CONTROL

Richard R. Silbar and David E. Schultz
Los Alamcs National Laboratory. Los Alamos, New Mexico 87545

Abstract

~e have begun a progran aiming toward automatic
rontrol of charged-particle beam optics using artifi.
:{al intelligence programming tachniques. In develop-
\Ng our prototype, we are working with LISP machines
ind the KEE expert system shell. Our first goal was to
levelop a "mousesble"” reprasentation of a typical beam-
line. This responds actively to changes input from the
touse or kevboard, giving an updated display of the
eamline {tself, its optical properties, and the (n-
itrumentation and control devices as seen by the
'perator. We have {ucorporated the Forcran beam optics
:ode TRANSPORT for simulation of the beam. The paper
lescribes the experience gained in this process and
‘iscusses plans to extend the work so that it {s
sable, in real-time, on an operacting beamline.

NTRODUCTION

There has been much activity lately in applications
f Artificzial Intelligence technology to knovledge-
ntensive domairs (e.g., Rich, 1983 Hayes-Roth et sl
983. Harmon and King, 1985) We have recently begun to
valuate such Expert Svstems techniques for solving
roblems {in accelerator control. Because thers have
lready bean successful atteampts using Al to control
ther complicated processes (Brand and Wong, 1986
acl'; et al., 1986), one has good reason to hope for
uccess {n this venture.

Al programming techniques often contrest sharply
ith trad{tional computing approaches. One Al techn.ique
at wa use ls object-oriemnted programming (e.g..
sbrow et al . 1986, Moon, 1986). Tiis encourages
iveloping a computer model which closelv reseables the
ral-world problem. Using cbject-orierted programming
: {4 easier to debuyz, explain, and verirv the mocel.
: 1s also easiar ro add a new feature (object) to the
1del because 4 new object can {nherit wmost of its
aracteristics and buhavior from existing objects The
v objert then needs only slot-value changes to
1flect what s diffarent about that particulur device
icause of the par-irioning of program behavior- the
isance of object-orientud programming--this nev object
11 not {nterfere wi'h other objec.s.

Another technique we use {s symbolic nw.deling

ich a model has causal crelarionships bullt (n 20
tions leadirg up to an event cun be easily dascridbed
rown et al ., 1982) In contrast, ‘he relationships in
nwserical wmodel are often structurally opayue That
, intermed.ate steps are nut transparently reluted to
¢ underlving physical world, and this wmakes cause:
fect explanations difficult There are many pronleas,

however, that have an elegant and efficient solution
using traditional algorithms. For cthese problems one
should not even consider Al techniques. Control of beam
optics appears to be somevhaure between the extremes of
puraly algorithmic and purely symbolic approaches
Thus, a8 {n Clearwater's work (1986), the project
described here uses & numerical model based on a
Fortran code (operatirg in the LISP environment) to
simulate beam line behaVior. With the resulcs of the
numerical simulation always available to the 1nference
engine, auch of the decision-making in our model is
symbolic in nature.

Using the Knowledge Engineering Environment (KEE)
system, we have built & prototype knowledge base
describing the characteristics and the relationships of
about 30 devices in & typical beam line. Each device is
categorized generically and pertinent attributes for
sach category are defined. Specific values representing
static and dynamic characteristics for each device are
assigned to slots i{n frames. These slot values are
constrained by data type and anvy limitations or
restrictions on the range of rhe data.

Relationships between the various beam-line devices
are modeled using rules, active values, and object-
oriented methods. Our knowledge base provides a frame
vork for analyzing faults and offering suggestions to
assist In tuning, based on inforwation provided by the
accelerator physicists (domain experts) respunsihle for
designing and tuning the beam line. Trere i{s a general-
purpose mechanism for determining device and beanm:-line
scatur based on device-specific critical parameters.
This approach simplifies knowledge acquisition by al.
lowing the domain expert to concentrate on wvhat (s

{mportant about a particular device without getting
bogged down {n trying to ipacify rules for it
A powarful graphical intarface allows the operator

to “"mouse®” on an lcon for a particular {tem (n the
schesatic of the beam line and obtain device-specific
information and control over that device The beanm
optice code TRANSPORT (s used to model the beam line
nuserically, and asuv changes induced by the operator
(or aventually, by the accelerator ({tself) ars auto-
satically updated on the operator's display Frelinm.
inary {ndications from using our knowledge base are
that artificlal {ntelligence techniques and traditional
methods of numerical simulation can, and probablv 4oon
will, be successfuily combined to provide a powvertul
trool for control of accelerators



ESCRIPTION OF THE PROBLEM

The problea chosen (s the tuning of the flirst 30
evices in the H beam line of the Clinton P. Anderson
eson Physics Facility at lLos Alamos Nati{onal Labor-
tory (LAMPF). This low-energy beam transports protons
rom the Cockcrofr-Walton {on gource to the first
mittance-measuring station (Schultz et al.. 1987)
his relatively small beam line {s of an appropriate
{ze and complenity for a first prototype of an Al-
1sed accelerator control syscem. The tuning goals are
> minimize the emittance growth of the bead. Co steer
t, and to match the cutput emittance to the acceptance
f the next section of the accelerator beam line. These
nstraints define a small region in the transport
1as¢ space which will provide an accejtable tune. Each
lme the ion source charges, the bean-transport paraa-
iers must he re-tuned to accommodate the slightly
{fferenc characrteristics of the new source.

To indicate =the complexity of cthe problem under
.scussion, the major hardware in the H beam line
icludes: 1) two bending magnets, 2) six steering mag-
'ts, 3) eight quadrupole magnets, 4) a beam
flector, S) an RF pre-buncher. 6) four current
nitors, 7) an emittance measurement device, 8) a
an-profile harp, 9) two phosphor viewing screens. 10)
bean scraper with four jaws, and 1l) an adjustable
erture. There are numerous othetr connecting and sup:
rt devices, minor but vital ro the correct operation

the bean line.

E TRALITIONAL APPROACH TC BEAM TUNING

Manual tuning of a beam line {s an {terative process
volvirg many steps: steering, adjusting quadrupoles,
vering again., bringing deflector plates, jaws, and
srturas to the edge of the beam, and then repeacing
» process. The data obtained from the diagnostic
7ices that measure beam characteristics sre analyzed

Fortran programss running on the LAMPF VAX/VMS con-
)l system. The analyzed data are chen used ¢to
ierate beam envelopes and predict new tunes with a
‘'st-order optics code.

This information s avatlable (n a graphical or
wular form to the j)erson ctuning cthe beam line
king with the correlations that can be {dentified (n
s data, along with knowledge of the desired “design
e" and use of particle-tracing codes, the opetator
ks to find a solutlon that foguses snd steers the
n from one end of the beam line to the other. This
cedure works relatively wall, but {t {s time-
ruming and labor-intensive, requiring close atten-
n by highly trained parsonne). The oparator aust
ge vhether the successive {terations are converging
an acceptable solutfon It {8 not uacommon to find
t the converged-upon solution space {s unscceprable.
such cases the work must be abandoned and the proce-
» started over The “becter® experts find many fewer
:ceptable solutions, (. @., somehow knov hov to avold
pltfalls (local ainims 1in the parameter space)

'aps some beanm-line tunecs are especially adept at
:acting nuances from graphical data and exploiting
L.

AN Al APPROACH TO BEAM TUNING

We have chosen to use a hybrid of Model-Zased
Reasoning coupled with the beam sptics code TRANSPORT
(Brown et al., 1977) to ctackle the beam-line -uring
problem. We represent the beam line using a svmbu..:
model eabedded in a KEE knowledge bass. It describes
the characteristics of and the relacionships among the
devices in the beam line. We catagorize each device and
define pertinent actributes for each category Specific
values are assigned {n the knowledge base to represent
each acrual device Relationships between devi-es are
modeled using the <aniques of rules, active values.
and object-oriented methods. The knowledge hase can be
used to:

1) Stmulate the devices in the beam line.

2) ldentify faulty devices for repair,

3) Monitor progress in a complex - ine procedure.

4) Advise on tune actions ("What do ! do now'"’,

5) Explain advice glven, and

6) Identify faulty devices as thev affect ture pro-

cedure .
ieccy
Flgut! 1 shows the magnecic devices in the porcion

of the H beanl{ne we are addressing. together with
their class/sub-class relationships (denoted bv a solld
line). Dotted lines dencte particular members ~f a
class. For example, the class MAGNETS has sub-classes
STEERING-MAGNETS and QUADRUPOLE-MAGNETS Each =vpe of
magnet has members (spectific instances) such as the
particular device labelled TASMOLH All magnets have
certain characteristics {n common These class-wide
characteristics are inherited by the {ndividual members
of the class. The values of the atzributes in the dis-

play of & member's slots reflect the state of that
particular device.
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iLive Values

Active values model some of che actlions of the
vices in the beam line For example, there is a
thod, or procedure, associaced with the active valus
tached to any slot (attribute) on any device that has
sst-point and a tolerance Active values are daemons
ct. that, eavery time the value of the slot changes,
e method (s automacically invoked. The LISP code in
is method coula say, for example, that if the value
sut to be stored differs from the set-point value by
re than the ctolerance. then this device is a can-
date for being cthe cause of any problem Other

ldence will be needed to narrow down the problem to a
icific device.

\aening

Rules capture heuristic knowledge One rule (in KE?
itax)., which runs through and checks the status of
the devices of a given type. is

(IN.CLASS ?7BEAM BEAM-DESCRIPTION) AND
\THE DEVICE .OF. INTEREST OF ?BEAM 1S 2CM) AND
(OR ('THE STATUS OF ?CM IS OK)
(14E CONDITION.OF DEVICE OF ?CM1 1S BROKEN)))

EN
THE DEVICE.OF INTEREST OF °BEAM IS
(THE NEXT.SAME. DOWNSTREAM OF ?CM))))

3, for example, in the case of current monitors. the
+ says that {f vou find & current monitor reading

t i{s within {ts expected range (or that monicor is
m to be broken), then go on to consider the status
the next current wmonitor downstream. Note the
ld-card” variables beginning with "?" {n ths rule.

1 without knowing the svnrax of che KEE rule svstem,

s relatively easy for a casual reader to determine
: the rules mean.

We have developed general.purpose rules, such as
gliven above, for two reasons. First, the specific
{led ruleas for some situations have not yet been
rmined . Second, general-purposs rules simplify
ledge acquisition. For example, domain experts are
awvare of the critical paramecters of each device
tt is often cifficult to axtract from thea specific
s about those devices. A device attribute that (s a
tcal parameter (s given facets reflecting the aex-
ed value, relationships. and resultant state value
framework supports CHECK-FOR-GOOD and CHECK-FOR-
functions. CHECK-FOR-COOD simply does an AND of all
critical parameters for a given device. Each cric{-
paraseteyr must match the good relation-ship between
cted ind actual values Likewise, CHECK-FOR-BAD (s
R of all critical parameters that are our of range
w critical parasster hae & value that falls tnto a
relationship with the aexpacted value, then that
‘e {3 designated as having a bad status

\¢ problem that often arises i{n tuning an accel.
it {s knowing what data you can belleve. Does the

reflect a real problew with the beam or Ls the
umentation giving misleading indications? Ve have
jpted to address cthat problea {n cases vhere ve
a cross check on the dats and soae experience |n
type of expected fallures. Current monizors are a
exanple. [t (s lapossible to have a proper current
¢ raading (n a downetream current monitor {f an
ean current moniar teally shows no current The

most likely failure mode of current monitors is :c read
zero. With this information we can use cthe following
heurisctic. If a current monitor reads zero and the nex:
current monitor downstream has a legitimate wvalue. iz
s very likely cthat che first current monizor is
broken. In rhat case, {t {s safe to note that fact in
the knowledgs base and to look further downstream -o
detarmine where (or 1f) the beam really disappears The
premise (THE CONDITION OF.DEVICE OF ’CM IS BROKEN) in
the rule shown above allows the skip over broken cur-
rent monitors.

dlaulacing Real Data

Our knowleage hase was originally developed on TI
Explorer and Symbolics 3600-series LISP machines wusing
tha KEE developmert system. Recentlv {t has also been
porred to a microVAX Al workstation that has the abil-
ity to communicate with the LAMPF conzrol computer For
the present, however. the knowledge base is not con-
nected to all the accelerator real-zime values

Some data can ba obtained from the acceleracor for
use in rules to determine acti{ons to take The mechan-
{sm that {s used is an active value. When an arctribute
{s fetched, for exaaple. in the premise of a rule. the
accive value causes the data to be read from "he actual
device, Including this capability pointed out to us
another {mportanc characteristic of devices Some
devices bhave values cthat charge very slowlv, others
change frequently and rapidly. To avoid the overhead of
gecting data from a recl device that changes slowly,
two new characteristics of each devica were defined.
They are the time i{ntsrval that s plece of data from
this device {s likely to remain unchanged and a time
stamp of when che actual data was last ohtainad. The
active value chacks to see If new real dara is needed.
l.e.. the current valua was obtained too long ago. If
30, & request is made for new datsu and the ~ime

stamy
{s wupdated. If the data is current, the old data (s
used.

Until more confidence is gained ir the accuracy and

completeness of the modei Lt seems prudent to use simu-
lated data racher thar real data. For that reason we
designed a mouseable schematic to allow operators to
select & device of interest and display a related image
panel vhich displays the values of the tinteresting
paramecers fur that device. The operator can then encer
data for test purposes. He selects and changes a (simu-
lated or real) valus by positioning the mouse cursor on
its {con or image panel and clicking a button on the
aouse.

lntegracion with Nusaxical Simalationa

To tune the device (or to dlsplay changes in the
tuning vaen a fault occurs), we make frequent use of
the beam optics program TRANSPORT. When a bHeam.device
paramecter changes. an active value assoclated with rhat
paraneter invokes a method that changes rthat value In a
f{le representing the "TRANSPORT lnput deck" Anorher
method then re-runs TRANSPORT, which wrices its reaules
to a standard output file. This file (s then parsad hv
4 third amethod, which extracts the new beam posfttiony

and envelopes, transfer matrices, and phase space ol.
lipses. These are wused by the activa (mages ot 'he
knowledge base. In & nutshall, (f the operator mouses

on a bean element to chlngc 4 parametar. the changesy in
the beam are autoaatically re-computed and redisplave.l



Figure 2 shows an example of what part of the screen
sgen by the operator looks like. (This beam is not the
H  beamline discuesed above but a simpler example con-
sisting of two quadrupole triplets.) The whole process
of rccomputing a beamline typically takes ten or twenty
seconds. Most of the CPU cime involved is spent on ser-
ting up the FORTRAN process and accessing files, not on
the TRANSPORT calculation.

e nnhine Y leeaent . ool boameel

Flg. 2. Beamline element knobs (upper panel) avail-
able to the operator for changes by clicking with
the mouse ana entering new values. The lower two
panels show the actively updated x- and y-plane bean
centroidts and envelopes, together with poal-tions of
the six quadrupole 'rases.

Numerical nutpurs from the TRANSPORT orogram provide
wportant pleces of knowledge needed to successfully
rlect the proper course of action during a tuning pro-
dure. For example, {f TRANSPORT reports that the beam
i off-axis at some point, we know that only devires
ratream from that point can be the cause of the align-
nt error.

llowing the Manual Tune Proceduca

The procedure used to set the H* bean to some
sirea state can be described as [lterating through
ght major steps {n a tuneup recipe. Each major step
s from 2 to l> sub-tasks that nmusc be successfully
mpleted bafore cthe step ls considered done During
ch pass through the major ateps, a decision {s nmade

the quality of the resulting beam. If the quality {s
tivfactory, {.a.. matrhas desired charactarisrics,
» tuneup pirocedure {s complete. [f *he beam qualtty

leas *han desired, then the major sreps :re
eated.

In an ldeal world, the tuneup would be 1 simple
raight - forward tollowing of the reclpe Unforty-
‘aly, it never {« DNevi-ea bhreak, wires are hroken or

mged, vacuum  {u lowt, or software doecd 1ot meet
tilrements All  thede cause deviations from the
ired plan The task at hand {3y to derermine whar ¢un

be done, {f such problems exist, that s productive.
That s, given cthe devices and companents that are
(thought to be) working, what steps/tasks can be done
that won't have to be [edone when the currenz!v mal-
funccioning components are fixed.

A set of rules ls being developed to advise the
operator on what to do next. These rules use zwo tvpes
of Information adout each {rem within a scep to make
the selection. There {s fixed (predetermined) informa-
tion about each task, such as the devices needed to do
Lz, the next task to do if successful, the next task to
do if unscuccessful, the expected value (success crice-
ria). and required pre-conditiors and post-conditions.
Inclvded {n this fixed {nformation is global data,
l.e.. criteria for step completica., step-To-step se-
quences, and tasks that can be done in parallel.

The other, non-global information -:sed to determine
lf a particular ctask can be dores varies from -ime to
time. It includes what devices are known nor to he
working or whether a general (or a speciflc) problem
has been found. Before a task {s started. a test Is
made to see that all devices needed :o accomplish lt
are available. Once a task ls performed, the program
checks to ses if the result meets the success cr:teria.
If it falled, an attempt is made to identify the spec-
ific problem that caused the fallure. The job ot ident-
{fving the specific problem is delegared ro the step-
related rule set [as opposed to the task rulecs) .
Other evidence {s usud to narrow the problem down to
one or more specific problems. A specific problem mav
require adjustment to devices or it may Lndicate that a
certain device not working. If not enough Lnformation
ls avallable at the tusk level to determine a specific

problem, a genaral problem categorvy Ls assigned and
stored for future use.

CURRENT STATUS AND FUTURE WORK

The following components of our knowledge base
have been bullt and ctested:

1) A static model containing most of the Llnformation
about the beam line and the characteristicy of
each device {n It.

2) Image panels that allow simulation of test data.

J) A few ru'ses using current monitor {nformation

to identify candldates for causing faiiure.

4) Activc values that propsgate device errors to

affect the proper curren- monitor.

5; General rules to ldent{fy device status hagsed on
crivical parameters.

6) Demonstration image panels 'hat d4allow
of the rule
reachad.

7) Conversion of TRANSPORT
world.

8) Knob panels allowing the opecrator o change
valuer of the {nitfal beam parameters and p to
six beanline elunents of his cholce

) Active-!mage panels displaying phase space
ellipaes and beam envelopes as caiculated hy
TRANSPORT, either when a knob 1s tweaked or when
the operator calls for an update.

10) A general menu for modifying the beamline, .adding
or deleting elements, moving them around, o+
This also can be done from rthe mnuaeable
schematic of the beamline hlueprint

11) A "heamline spreadshest” that allows tor
nate input and changas of the heaml(ne

1) The abllity to save and read prevy ooy ageed
heaml {nes

activation
sel and disp!ay of the conclusions

to run {n the ISP FEFE

alter



The symbolic model part of the prototype was devel:
>ed  in about 3} man-months. One man-month was spent on
nvercing and gectting the Forcran TRANSPORT code to
in in the LISP environment The interface hetween KEE
\d TRANSPORT and the user has taken an additional &
n-months. While cthe parts of rhe knowledge base we
we butlt so far handle only a verv small tracction of
& total problem and have vet to be fullvy integrated
th each other, they nonetheless demonstrate the power

the software development environment to create use-
1 models quickly.

The next steps {n our development of the knowledge
se are to lnclude:

1) Addicional descriptions of the tuneup procedure.

2) Additional rules for determining device failure
that wuse dilagnostic tools besides the current
monitors.

1) The identification and specification of the
critical parameters for all appropriate devices.

4) Refinement coming from addition of more specific
ules to handle less obvious and less frequent
problems.

5) Other uses of the TRANSPORT code, such as the
optimization facilicy.

JCLUSIONS

The initial results of our work have shown that
:{ficial intelligence techniques can be successfully
wined with traditional methods of numerical simula-
m, While only a small par~ of the problem has been
laled so far, the incerprectacions given by the hybrid
.tem match those of human operators. It is expected
it additional rules «ill be able to capture more
ly the expertise used by a beam-line physicisc.
cessful and efficient operation of future accelera-
's mav well depend on the proper merging of symbolic
.soning and conventional numerical algorithms.
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