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AUTOMATION OF PARTICLE ACCELERATOR CONTROL

Richard R. Silbar and Oavid E, Schulcz
LOS Almmcs Nseional Lsboracory, LOS AIUSOS, NOW pIaXiCO 87565

Abstract

rie havt begun ● program aiming coward ●utomatic
:oncrol of chargad-parciclo ba~ opc~cs using artifi.
:ial intalllgenco progr~lng tcchri~q.os, In dovalop-

.ng our prototype, wa ● ro work!.ng with LISP machines
Ind tho KEE ●xport system shell. Our first goal was to
ievelop a “mousoablo” reprssontation of ● typicol boam-
Lino This rospands ●ctively to changoo input from tho
10US* or keyboard, giving ●n updstod display of the
,sa.ralino ttsolf, its optical proportion, and cho in.
Itrumontation ●nd control dovicos SS soon by tho
lperator, U. hmv$ i[tcorporatod tho Forcran boom optics
odo TRANSPORT for simulation of tho bosm. Tho paper
Iescribos cho ●xporienco gained in this procoso ●nd
iscussos plans to ●xtond the work so thot lt L$
sable, in real-time, on ●n opelating bosmline

NTRODUCTION

Thero has been ❑uch ●ctivity lately in ●pplications
f Artificial Intelligence tochnolo~ to knovledgo.
ntensivo domairs (e g. , Rich, 1983: Hayes-Roth kt ● l ,
983; Hormon and King, 1985) W. have rocontlv begun to
valuate such Expcrc Svbtoms techniques for solvlng
roblems in ●ccolerotor control. Bocauso thera hovo
lrosdy been successful atcompts using AI to control
thor complicated proceos~s (Br#nd ●nd Uong, 1986:
aci,? et ●l. , 1986), on. has good reason to hop. for
uccess in this vonturo,

AI programming technlquos ofton contrast sharply
lth tradicionsl computing approochos. On. Ai tochniquo
7at ue use is objoct-oriented proSrsmlng (og.,
>brow et al , 1986; Uoon, 1986) Ills ●ncourages
Ivelopimg a computer modol which CIOSOIV roaomblos tho
~al.worid problom, Using ebjact.orior,tad programing
: it ●asier to dabua, ●xDlain, ●nd varifv tho moaol

is ●leo ●ssinr c; ●dd.a now foaturo (objoct) to ‘b-
]dol because m nov object can lnhartt. tist of
laracteristics and b~havior from ●x:stlng objects
)W object then needs only slot.value changes
tfloct what 1s different ●bout that parcicultir dav!
lcause of the pat-! ”ioning of progrmn behavior.
Isence of object.orientod prosrming. .this new ob,
11 noc Interfero wl’h other objet’.s

,\nother technlquo ve use 1s symbolic lt~del
Ich ● model has causal relarionoh!Ds built in
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tions laadinb up to an ● venc c.n b. ●asily d~scrlbed
,rovn et ●l , 1982) In concrast, “he ralationshlp~ in

ruaerical model ● re ofcti~ str’lcc,~rally opaque l%,t
intermed~ate steps ● re r,or’ transparently related to

e undarlvlng physical world, ●nd this makas cause,

f~ct explanations difficult Ther. are many problems,

hovaver, that have an ●logont and ●fficient solution
using traditional ●lgorithms. For chaso problems one
should not ●von co~idor AI techrr~ques, control of basin
optics ●ppoare to b. so~whare botveen ths ● xtremes of
purely ●lgorittiic ●nd purely symbolic approaches
Thus, ● a in Cloarvocer’s work (1986), tho project
described hero usos a numerical ❑odel based on a
Fortran cod. (operating in the LISP anvirorunent) to
simulate bosm llno boha%ior, With the results of th
numerical simulation mlways availoblw to the ~nference
●nuine , much of cho declnion-making in our model is
symbolic in nature.

Uelng the Knovledge Engineering Environment (KEE)
syecem, v- have built a prototypo knowlcdgo base
deocrlbing the characcert.sties ●nd tho relationships of
about 30 dovicoo in II typical beam llno, Each devica is
catogorizod gonerlcnlly ●nd pertinent attributes for
each cacegory ●re defined, Specific values representing
SCatlc ●nd dynamic characteristics for each device ● re
●ssigned to S1OCS in frames. These slot velues are
constrained by data type ●nd anv limitations or
restricclons on the rang. of che data,

Relationships bocveon tho various besm. line devicss
● ro ●odaled using rules, ●ctive valued , ●nd objecc.
oriencod methods, Our knowledge baso provides a frame
work for analyzing faults ●nd offering suggestions to
aesist in tuning, based on information provided by the
●ccelerator physicists (domain ●xports) respunsihle for
dosigninS ●nd tuning tho bamm llna mere is ● general.
purposo mechanism for determining device ●nd besm. line
scacur baaed on device-specific ctitlcal parameters
This ●pproach almplifias knowledge ●cquisition by ●l.
lovins tho domain expert to concentrate on what 1s
important ●bout a particular device without getting
bogged down in crying tu ipocify r’iles for it

A povarful graphical int~rface ●llows the operator
co ‘mouse” on ●n icon for ● particular item in the
schomstic of tho bleats Lino ●nd obtain device. spoclfic
information ●nd control over that device The besm
optics cod. TRANSPORT 1s used to model the beam line
n-rlcslly, and ●tlv changas induced bv the operator
(or eventually, by the ●ccelerator itself) ● rt ●uto.
matically updatad on the operator’s displav FI”*ltlrl.

inary indications from ualng our knowledge base •r~
that ●rtlflclal lntalllgance techniques and traciirimnal
❑ethode of numerical simulation csn, ●nd prohablv *non
will, ba ●uccessfuilv combined co provide a powerful
1-001 for control of ●ccelerat’.ors



INSCRIPTION OF THE PROBLSIl

Th* problars ch$son IS the cunirrg Of tho fLrsC 30
●vices in tho H boa Llno of tha cllncon p. Anderson
●son Physics Facllicy ● c Los Alemos tiatiorral Labor-
Corv (IAMPF). llsis low.energy bc~ transports Protons
rom the Cockcroft-Ualcon lon source to che flrsc
❑ittarrca-measuvin~ station (Schultz et al. 1987)
hfs mlativoly small be- lina L, of an appropriaca

iza and complexity for ● first prototype of an AI”
l~ed accelerator corrcrol sYscam, 1%0 tuning SOAl~ .qg
> ❑inimize che emittanca growth of the bo~. co Sc-er
~, and co match the ~u~put ~.~it~ance to ~he accepCanCO

E the next seccion of ~h. .Ccelarator h~~ line, Thase

MMcraints define a small region in tho transport
>ASO space whleh vIII provide ,Sn ●ccepcabla tune Each
lMO tho ion sourca chan~es, cha beam-transport param-
:ers must be re- tuned to ●ccormsodato the sL~ghclY
[fferenc characreriscics of cha naw source,

To indicata che complexity of the @roblem under
.scussion, the major hardware in the H beam line
Icludes : 1) two bending magtlets, 2) six sccoring mat3”
Its, ~) ●ight quadrupo:e ❑agnets, 4) ● baam
floctor, 5) an RF pre.buncher, 6) four current
nitors, 7) ● n ●mittance measurement dovica 8) ●

am-profile harp, 9) two phosphor viawing scrasn$. 10)
bemm scraper with four jaws, ●nd 11) an ●djustable
●rcure There .sre numerous other connecting ●nd sup.
rt devices, ❑inor but vital ro tha correct operation

the beam line,

E TRA&ITIONAL APPROACH TC BEAM TUNING

Manual tuning of ● bears line is ● n iteracivc process
volvirg many steps stnering, adjusting quadruples,
tering again, bringing defloccor places, jaws, ●nd

crtures to the ●dge of the beam, ●nd then repeating
I process. The data obtained from the diagnostic
rices that measura beam charac:~riscics are

Fortran
●nalyzed

progrusa runnfng on the lAMPF VAX/VUS con.
)1 svecem .>e ●nalyzed data are zhen used co

)erato beam ●nvelopes and prodicr new tunas with ●

‘sc.order optics code

This information 1s avnilablo in ● graphical or
lular fom to the >erson curs! ng cho bem Line
king with tht corrolationa chat cm be idarrtifiod in
s data, ●long with knovledgo of cho desired “danign
●“ ●nd ust of particle.trscin~ codos, the opermcor
ks to find a eolutlon that fo~u~oo ●nd steers the
m from one ●nd of tha beam lirw to chc other. This
codure vorks relatively wall, but it is tima.
Suming tnd labor. inteswivo, requirinc C1OOO ●tten.
n by highly trained p~rsonnal. l%. oparacor must
go whether the successive Ltorstlons ●ro converging
an sccaptablt solution It IS noe uneo-n co find
t the convorged.upon solution JpaCC is unacceptable.
ouch CASOS the work mIMC bo ●bandonad and tho proce.
D sttrcod over The ‘boctar” ●xports find many fewer
:ceptable solutions, i ● ., tomehow knov how to ●void

picfalll (LOCA1 mini- in the paramocor space)
laDs oomo beam-line tunars sro osp~cially ●dapt ●t
~acting nuances from gr~phical d4ta ●nd ●xploiting
r

AN AI APPROACH TO BEAH TUNING

We havm chosen to use a hvbrld of ~odal.i?ased
Reasoning coupled with the beam spctcs code TRANSPORT
(Brown ct ●l , 19?7) to cackle the beam. L!ne :~~rtng
problem, Us raprasant the beam line ,Jslt)g. a SWUL,J.-:
model embtdded in ● KEE knowledge base ?t describes
the characteri~tlcs of and che relationships among the
devices in the beam llne We cac~gortze eact. device and
define parclnent actribuees for each caceqorv Specific
values are ●ssigned in the knowledge base Co represent
each ●ctual device Relationships between devi-es are
aodeled using the -41niques of rules, acr l,~e .Ja 1,ues
and Object-oriented methods, The know!edge base can be
used co

1)
2)
1)
4)
5)
6)

Slmulato tha devices in rho beam !!ne,
Identify faulcv devices for repair,
$!onitor progrees in a complex v]ne procedure.
Advlla on tune actions (“’+a[ do 1 do now’’”
Explain ●dvice gl,len, and
Idantifv faulty devices as thev affect C’JCP Pro”
cedure

2blssLs

Figur~ 1 shows the magnetic devices in :!’.e ~>r?:on
of the H beamline we are addressing, roqether ,wlth
their claes/sub-class relationships (denocmd bv a solid
line) Dotted lines danote particular members ~t’ a
clase, For ●xample, the class MAGNETS has s,lb.classes
STEERINC-HAGNETS ●nd QUAORUPOLE..HAGNETS Each ?tpe of
magnet hae members (specific instances) such as the
particular devica Iabelled TASIIIOIH A! 1 ma~necs ha~$e
cercain characcerietics in common These class.wide
characceristicg ● re ifier~c~d bv the indi~~idual ❑embers
of the claas, T%* valuse of the attributes in the dis.
play of ● mamber’s slots reflect the scace If that
particular device,
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AcCiVO ValUaS mOd@l Soma of che actions of the
vices in tho beam line For
chod, or procedure,

example chare is a
associated with, :he ●ctive Valua

cached to any slot (atcrlbuce] on anv device that h~~
sat-point and A tolerance Active values are daemons
ct. chat , eve ry time the value of the slot changes,
B method is aucomaclcally invoked ne L:Sp code in
1s machod could say, for example, that if the value
sut co be stored differs from [be set.point value bv
re than che tolerance , then this device is a can-
Iace for being :he cause of anv problem Other
idsnce will be needed tO narrow don the problem :0 a

bcific device,

Rules capcure heuristic knowledge One rule (in KE~
Itax) . which runs through and checks che scacus Ot

tha devices of a given type, is

(IN.CIASS ?BEAM BUM-DESCRIPTION) AND
:THE DEVICE,OF, INTEREST OF ~BEM IS ‘Ct4) AND
(OR ((WE STATUS OF ?Cll IS OK)

(lYE CONDITIO,tOF.DINICE OF ?CFI1 IS BROKEN)))
FN
THE DEVICE .OF, INTEREST OF ‘BEAN IS

(THE NEXT.SME, DOUNSTRW OF ‘CM))))

s, for ex~ple, in the case of currenc monlcors, the
~ cays that if you find ● currenc ❑onitor
I

reading
is within lts ●xpoctad range (or that monitor 1s

m to b. broken) , then go on to considar the status
the next current monitor dounscrea,m Note the

Ld-card” variables beginning with “7” in the rule
) without knowing the syntax of ths KEE rule svstem,
.s relatively easy for ● casual reader to determine
: the rules mean.

U- hava developed general.purpose rules, such as
givan ●bove, for tvo reasons. First, :ha specific

had rules for soma situations have not yet been
rmined Second, general.purpoeo rules simplify
lodge ●cquisiclon, For .xampLe, domain ●xperts ●rc

aware of the critical parameters of ●ach dovica
it is often ~ifficuLc to axtracc from tham spoclfic
s ●bout those davicas. A device attribute that 1s ●

lcal paruater 1s glvon facocs roflecelng the ex.
ed value, relationships , and rtsulcant state valu~

framework supports CHECK-FOR-GOOD ●nd C}IECK.FOR.

functions CHECK.FOR.COOD simply does an AND of ●ll
critical pararsotet’s for ● given davico, Each criti.
pararsccer must match tha good rolacion.ship between
cted lnd ●ctual valurns Likewise, CMCCK.FOR.BAD iS
! of ●ll critical par~cors that ●ra ouc of range
IV critical parauctor ha~ A VaLUC chat faLLa into ●

relationship with tha ●xp~ctod valua, then that
:e 1s designated as havina ● bad status

\e problera that ofron arises in tuning an ●ccei.

~r 18 knowing what &ta you can bollove. Ooes the
refLact 4 real problcm with tha boaa or 11 tho

usacntation giving mislosdlng lndlcacions? Ve havg
Ipt@d to address chat problem in casto vhcrt we

a cross chock on the data and somo ●xperience in
typ9 of ●xpoccod falluros, Currant rsonicors ●rt ●

oxAMpla It 1S lmpossibL* to havo a propar curr~nt
c? r-ading in ● donstream currer,t ❑onitor if an
Qua current moni’~r reitlly shows no current The

most likely failure mode of cut’rent monitors is zc rsad
zero. With this information we can ,use the followlng

heuristic. If ● currenc monitor reads zero ar.d che next
current monitor downacream has a legitimate ,Jalue i,:

1* very likely that the first c!irrent mon~cor is
brokmn In chat case, it is safe co note chat face in
cha knowlodge base ●nd to look further dovnscream ‘o
determine where (or if) the beam reall:+ disappears n.e
pramiso (TNE CONDITION OF DEVICE OF ~C!4 !S BROKEN} in
the rule shown above ●llows [he skip over broken cur-
rent monitors.

Our knowleage base was originally developed on T1
Explorer and Symbolics ]600.series L:SP machir.es using
thd KEE developmer,t systam, Recen[!,/ it has also been
porcad to a mlcroVAX AI workstation that has the abil-
ity CO co~unicate with [he ~pF con:rol compt~:er For
the present, however, chc k~ow~edge base iS noc con-

nected to ●ll che ●ccelerator rea~.~ime ./aI,JeS

Some data can be obtalnad from che acceLera:ar for

use in rules to determine actions co :aka Th,e rnechan.
ism chat 1s used is an ●ctive value, ‘&en an acrribuce
LS fetched, for ●xa.aple, in the premise of ~ r,dle, rhe
active value caus.s che tits to be read from the actual
device Including this capabLllcv pointed out :> us
another imporcanc characcoristic of devices Some

devices have values that chacge very S1OW1V. others
change frequancly ●nd rap~d~y, To ●void the o.~erhead of
getting data from ● reel device chat change~ S1OW1V,
two new charsceeriscics of ●ach device were defined.
They ●rti the clme ~nterval that ● piece of data from
this device is l~kely to remain unchanged and a time
stamp of when che ●ccual data was Iaet obtainnd, The
acclve value checks to sea if new real dara is needed,
ie,, the current valua was obtained too long ago, If
90, ● request 1s made for new datb ●nd the “ ifne scam?
1s uptited. [f the data is current, the old data is
used,

Until more confidence te gained ir, the accuracy and
completeness of the modei it seams prudent to use simu.
lated &ca rather than real data, For chat reason we
dostgned a mouseablo schemaclc to allow operators to
salact ● device of interest ●nd display ● roiatad imaqe
panel vhich displays the values of the interesting
paramecors fu: thst devlco, l%. oparator can then enter
data for co-c purposes. He seLects and changes a (slmu.
Lated or raal) valua by poeltionlng the mouse cursor on
its icon or tmage panel and cllcking a button on the
mousa

To tune cho device (or Co display changes in the
tuning wi~en ● fault occurs), wo make frequent use of
che boats optics program TRANSPORT men a beam.(ievicc
paramocor changes, ●n ●ct~va val’~e ●ssociated ~ith ‘hat
paraoatcr invokos ● aothod thAt changes chat ‘/~lIAe in .1
fllo coprotonting cha “’TMNSPORT input deck” Anorh?r

mochod chon ro.runs TSWSPORT, which writes its r~~ulc~
co ● standard outpuC fi~e, Thls flla is then parnad hv
a third method, which ●xtracts the naw beam posit[,lnt

trsd ●nvalopas, tr~n~for ❑atrlcas, ●nd phasa
Liplos

~pbc? ●I.
T)Isso ●rc used by tha activa imagas CIt ,h.

knowiodto bast In a nutshell, if the opers[or mOI.IS~S
on a beam elament to change a parameter, the lhar~g~~ Iri
the b~us ara ●uCOaaCiCailV r@.COrSpuCOd and K’@Il(sPl.v:ol



Figure 2 shOwg ●n @XS,MpIC Of what part of [ha screen

“$s ●n by the operator looks Ilk@. (’Th~e beam is not cb.e
beamllna digcu$ead above but a ~[npler ●xample con-

sisting of two quadrupola trlplecs, ) The whole proce99
Of rL:OtBputing a ba~llne typ~ca:ly [akeg cen or :werItv
seccmds. Moat of Che Cpu Clme involved is spent on 9ec-

be done, if such problems exist, that
That is,

is productive.
glvan the devices and componrncs chac are

(thought to be) working. what stepsitasks can be done
that won’t hava to be ~dorse when che curren:!v mJ~-
funccioning components are fixed.

tillg up the FORTRAN process and acca~gtng files, not on A set of rule9 1s being developed co ddq.’~S@ :~,e
the TRANSPORT calculaclon.

r

,---- - ------- . ..-
,.pau

,.

Fig, 2. Beamllne element knobs (uppar panel) ava’.l-
able to the operator for changes by cllcklng wlch
the rauuee arm entering new valuas. I17e lower two
panels show the actively updated x. and y-plane beam
c~ntroid~ and envelopes, together wlch posl-tlons of

the six r!uadrupole I@,lsee.

?/umerical nutpurs from the TRANSPORT orogram provide

Iporcant pl-ces of knowledge needed co successfully
!lecc the proper course of ●ccion during a tuning pro.
!dura, For ex.wnple, if TMNSPORT reports that che beam
I off-axis at some polrtt, we know that onIy devffee

lstremn from that point can b. :ho causs of tha ailgn.
nc nrror,

Operator on what to do pexc, These rules use :WO
of

:;/pes
lnformaclon ●bout ●ach item wlchln a seep to make

:he selsctlon, There 1s fixed (p:ede:ermined)
cion

infOrma-
about each task,

i:,
such as the devices needsd to do

the next cask to do if successful, the next cask co
do if unsuccessful, che expected value (success crlce-
ria), and required pre-condiclors and post-conditions.
Inclt’ded in chls fixed informaci>n is global data.
i.e.. cricerla for step complecl~.1, qtep.ro-step se-
quences. and casks chat can be done in parallel.

Ths other, non-global informaclon ised to derermin~
Lf a particular cask can bs dow ,~.lries frnm ‘line to
elms. It includes what devices are known I:nt to he
aorklng or whether a gsnera~ (or a specific) problem
has been found, Before a tack is started. a test 1s
made to sea that all devices needed co accomplish it
are available. Once a task Ls performed, the ;~rogram
checks to sea if the reeult meats the quccrss cri:eria

If it failed, an ●ctempc 1s made to Ldenclfv :he spec-
Lfic problem that caused the failure, The job O; ident-

lfvlng cha speclf~c problem is delsgaced ro the srep-
relaced rula set [as apposed zo the cask r,.lle(s) J
Other evidence is usdd to narrow the problem drown :o
one or mora spacific problems, A specific problem mav
requlrrn ●djustment to deviceg or LC •a~ Lndicate chat a

cercain device not working, If not enough lnformacion
Ls avallabla ●c che Cdsk lsvel to determine a qp~cific
problem, a gen-ral problem categorv 1s assigned and
stored for future use,

CURRENT STATUS AND FUTWRE WORK

The followlng components of our knowledge ba~~
have been built and teeted:

1)

2)
1)

4)

5)

6)

7)

8)

~)

10)

11)

1?)

A static model concainlng most of the lnformnclon
about the beam Line and the charact~ristics of
each device in lt,
Image panels that ●now simulation of test data,
A few CU’.*S ua ing current monitor information

to ldantlfy cand~datee for causing faiiure,
Actl\: valuee that prop;qate device ●rrors to

affecc the proper currert- ❑on!cor.
General rulee to ldenttfy device statu~ based (III

criclcal parameters.

Demonscratlon image panels hat J11OW nrri,:.lti{ln
of the rula seL and dlsp!.lv of thSI ISorlrlusl,)ll+
reachad.
Convernlon of TRANSPORT to rlln in 1111=I.lsP KF,E
world,
Knob panels allowlng the opcr.ltor :i~ ;II,IIIMW
valuer of the lnltial beam par~meterq ,-Ind ,ip r 4>
six boamline ●lwsants of hle choic~
Active-!mago panale rfi~plavlng ph!l~o ,i~$.11.o
elllps~s and beam @nvelopes AS rmiu,ll,il~{! hV

TRANSPORT, either when a knob is tw~,~kod [Jr IWhOII

the operator cane for an llpdat~.
A general menu for modlfylng th~ h~nmline. .I(lillnr,
or deletlng elemants, mnvinR thorn nr#>,lt:,I, ,.. .
This also can Im don? from rhp mollqc,lt)ln.
~rhamatlc of the beamllne hluoprlnr
A “h@amLine spre~dehemt” thAt alli,ws tall” 11!111’

nate input and changss of th~ h~nrnl 11111
Th@ ahllilv to ~~ve And rr.ld l,tt,,,l ,,,;: c,.l:,,. !

h,,~ml[n?l



,

ThIS symboltc modal part of cha procot~e was deval -
>ed in about 3 man-month~, One man.monsh was $Penc ‘n
)nvertlng and getting cho Forcran TRANSPORT code to
in in che LISp enviromenc t%e interface betweerl KEE
Id TRANSPORT and the user has taken an additional J
In-months ~’hi!e :he pares of ~h.s knOwledge base we
,ve bullc so far handl.s onlv a verv smali trac::~n of
? total problem and have” :<ec Co be f,JiLv :ncegraced
th each other, chev nonetheless demOn~trate :he power

the software de,/eiopmenc environment to creace ~se-
1 models quick:~

The next steps in our de~Jelopment of the knowledge
se are co include

1) Additional descriptions of the tuneup procedure.
~) Addiclonal rules for determining device failure

that use diagnostic tools besides the current
monitors

3) The ldentlflcation and specification of che
critical parameters for all appropriate devices

4) Refinement coming from .sddicion of more specific
:ULSIS to handle less obvious and less frequent
problems.

5) Other uses of the TRANSPORT code, such as the

optimization facillty.

~CLUSIONS

The initial results of our work have shown that
:ificial intelligence techniques can be successfull~l
)blned with traditional methods of numerical s~mulA-
m, While only a small pa~t of the problem has been
laLed so far, the interpretations given by the hybrid
tern match chose of human operators. IC is expecced
It additional rules will be dbLe co 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 mergicg of symbolic
,soning and conventional numerical algorithms.
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