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Ta-star.lisp"™
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" {defstruct sn . - search node
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* {defvar *opent)
{defvar.*closed*}

" . {defvar *nodes-expandad*}

-
~

Functlona for man;pulatlng the 6pen ‘and closed lists. The implementatzon
is 3tra1ghtforward, the open list is kept ordered by the f values of its
nodés, smallest first, A more efficient implementation would usze prlorlty
; queues to. allow fast inserticn and deletion of bhest nodes.
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{defun make-empty-nodel;st 14
nil)

{defun empty-nodelist? (nodelist)
(null nodelist)I

(defun add-te-nodelist (node nedelist)
(cond ({eg nodelmst fclosed)
(setq ‘*dlosed* (conrs hode *closed*)))
({eq nedelist “open)
(gond ({or {(null *ocpen?*) R
{< (sn—f{ node) {sn-f (car *open*))))
_{setg *open* (cons nede *cpent*}))
(t
{do ((x *open*)
{y {adr *open*})} .
{{oer {null y)
(< (sn~f node) (sn~f (cax y}}))}
{cond {({null y}
(setf (cdr %) -{list -node}})

(t . ; -
(setf (cdr x) {eons node y})}})
(setq % y)
{setq y (edr ¥} )INH)

(defun remeve-front—of-nodelist (nodelist)

{cond ({eq. nedelist open)
{let ((flrstnode {car *open*))}
{setq *open* (cdr *cpen*))
firstnode)) : '
(t
{errcr "Errer. Can only remove fxowm open list."))))

{Gefun f;nd—node-xn—nodelist {state nodelist)

LR TR
P

{find-if ¥’ {lambda (n)
{eg-states. state (sn—stata-n)))_
{if (eqg nodelist .’open} *open* *clnsed*)))

(defun change-prierity-of-node (node nodelist)

{cond {(=eq nodelist ’open)
[setq *open* (delete node *open?))
{add-to—nodelist node open}}
{t
{error "Error. Can only’ change p:lorxtxes of nodes on open-list.”})))

Function A~STAR does a ﬁeu;istic'search from the start to the goal state,
returning a solution path. It maintains two lists of nodes, called open
and ¢losged, and expands most promising nodes ‘first..

(defun a-star (start, &optional verbose)

~ e v ws W
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{setq *nodes-axpanded* )

{setg *open* {make-empty-nodelist))

(setqg *closed* (make-empty-nodelist))

(let ((start—ncde (make—sn‘-state start
H-
th {heuristiz start)
1f. (heuristic start)
tchildren nil -
tparent nil))}

{add~to-nodelist start-node "épen))
fdo ((fallure (empty-nodellst? *open*bl
(goal=found nil})
{(ocr fallure goal-Ffound)

(if Failure ™No solution.” (extract-a-star-path goal found)))
{print (mapcar §° (lambda (s) (list (sn-state s} (sn-f s))) *open#) ) -
{let {(bestnode (rgmovenfzont—af-nodelist fopen)))

(add-to-nodelist bestnode ‘closad)
(cond ({gosl-state? (sn-dtate bestnode))
) {setg goal-found bestnode)}
{t {expand-bestnode bestnode verbose}}))})

Function EXPAND-BEST-NODE takes the node with the best heuristic score
and expands it. If the successors are already on the open oxr closed
lists, it updates heuristic storas? otherw‘sg, it adds them to the - open
1ist.

(defun expand-bestnode {bestnode verbose)

{when wverhose (format t "Expanding node ~3~%" {sn-state bestnode)])
{setf *nodes-expanded* (1+ *nodes-expanded+r})
(let’ ((successors (expand (sn—state bestnede)) )}
{do ({s successors (cdr s))) ’
{{nuli s) nil)
(let* {{succ (car s)) . .
{old~open (find—node-in nodelist succ 'open)])
{cond (old-open i step 2c
{add=child bestnods sld-spen)
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L BACKPROPAGATION ALGORITHM
(SINGLE, BINARY OUTPUT)
"hackprop,lisp"

#1

Badkpropaqatiqn éldoritﬁh-{sinéle,:biﬂary eutput)-

To use th;s program, you must sgset up thrae xnput files: a ".txt",
& ".train", and a ".test™. Here is an example:;

File xor.txt:

Network structure: ’ . {2 2 1}
Epochs: : 801

Taest after aveary N epochs: ' 100
Learning rate (eta): ' . 0.35
Momeantum- (alpha) L . 0.90
Noise?: : : S e
Training ‘data: T e xor.train

Testing -data: - T Xor.test .

" 'File xor.train:

OO

oS
QPO

‘File xor.test:
o000
101

The Mmain file contains settings for varicus parameters. “There are

separate files for training and testing data. ’

To run, gall (backprop "xor.txt™ {or whatever the filename is),

The program will periodically append its results to the end of the
"xor.txt" file. This version of backpropagation is geared toward
networks with a single, binary output. It provides periodic analyses
of how well the network is predicting the cutput bit as learning
progresses.

n

N v v
~
e v’

Variables.

{defvar NETWORK .nil}

{defvar QUYPUT-LAYER nil)
(defvar STRUCTURE nil)

-(defvar TOTAL=-EPOCHS 0)
{defvar TEST-INTERVAL 0)

{dafvar  TRAINING-INPUTS nil)

(defvar TRAINING-OUTPUTS nil)

(defvar TESTING-INPUTS nil) ' i
(defvar TESTING~QUTPUTS nil) :

{defvar TOTAL-TRAINING nil}
(defvar TOTAL-TESTING nil)

{defvar TOTAL-INPUTS nil)
{defvar TOTAL~OUTPUTS nil)

A{defvar ETA 0) -

(defvar ALPHA @)’

{defvar NOISE 0}

(defvar TRAIN-FILE nil)
(defvar TEST-FILE nil)

(defvar TOTAL-GUESSED (make—arfay 8 :element-Lype ffluat))_
(defvar TOTAL-RIGHT (make-array 8 :element-type 'float)) -

w A e
L

; Structures.
H

Adefatruet (unit}

{waighted-sum ‘float)

(activation ffleoat) (delta ’float))
(defstruct (net).

units connections size naxt—layar prev-layery
{defstruct (connection)

{weight ffloat) {delta~weight ’float))

{defun output-layer?. (layer)
(null {net-next-layer layer}) )
{defun "input-layer? {layer)
{null (net-prév-layer layer}))
{defun hldden-layer? .{layer) 7
{and {net-nextflayér_layex) {net-prev-layer. layer)))-

Building the network.

{defun random-real {lo hi) {+ lo (}andom = hi loj}))
{defun radﬁom—weight {} {randou~real -0.8 ¢.8))
{defun randcm-noise () (random*réallo.o 0.15))

{defun censtruct-units () . .
{do ((n STRUCTURE {cdr n}) (last-~layer nil) (temp-net nil))
{{nill n} {setf OUTPUT-LAYER last-layar)}
(setf temp—net . . . :
" {maké-net :units (make-array (i+ {(car n)) telement-type ‘unit}-
. tconnectiéns
{if (cdx n) .
{make—array- (1ist (1+ (ear n)) (l+ {cadr n}})
salement-type "connection)
nil) ’
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(possibly—change~parent cld-open Bastnode ’open))
{t :
{let ((old—closed (find—node~1n—nodelist suce 'closed) )}
fcond {old-clesed i step 2d
(add-child bestnode old-closed)
(pessibly-change-parent cld-closed bestnede
Telosed))
(t .
{Iet {(new-node (make-sn :state succ
’ g {+ (3n-g bestnode)
{cost-of —move
(sn—state bestnode}
suce))
. .#h (heuristic succ)
. tparent besthode
Do : schildren nilj
{setf {sn~£ new-node} {+ {sn—g new-node}
{sh=h new-node)))
(add—chmld besthnode new-node}
ladd-to-nedalist new-node ‘apen)))))))))))

f Rction ADD -~CHILD medifiés a node to have a new successor.

~
~

(defun add-child {parent child)} , )
(Setf (sn-children. parent) (cons child (sn-children pafent))))

. 72 Function POSSIBLY-CHANGE~ PARENT takea a _new node that is already on the
.3 iropen or-tlesed Tists, and ¢hangds the old node’s g; f, -and parent fielids
i: 1f the new path is shorter than the.old ona.

“{defun p0331bly—change—parent {old bestnode nodelist)
(let ({old-cest (sn-g old)}
tcost—through bestnode {4+ (sn-g bestnode)
(c05t-of—move (sn-state bestnode)
{sn-state old)})))
(when (> old-cost cost-through=bastnode)
(setf (sn-parent .old} bestnode)
(setf (sa-g old) ¢ost-through-bastnods)
LI -~ {setf (sn-f old) {+ {sn~g old) "(sn-h old))})
{eond {({eq ncdelist- ‘open) - .
: {change=priority-cf-node oid ’'epen})
{{eq nodelist fclosed
{propagate-cast old}}))))

P - ) . i
7 Function PROPAGATE-COST takes. a noda.and elsures that the heurlstic
;; estimates of its descendant nodes are‘accurate.

{defun propagate cost (old) L
(do. {(¢hlldren (sn=-c¢hildren old) {cdr children}))
{(pull children) nil) . '
{let {{child (car thzldren)))
- {when {or (aq old (sn-parent ¢hild))
(< (+ (sn~g old) = - PR
(cost—of-move (sn state old}
“{sn-state child)})}
{sn-g child)))
(setf (sn~-g child) (% {sn—g old) 1)}
{setf (sn-Ff chaild) (+ {sn—g .¢child) (sn~h child}))
(sstf {sn-parent child) old)

——i - S et

(when (member ¢hild *open¥)
(change-priotity—of-node child *open*)}
(propagate-costichild))))}

;¢ Functien EXTRACT-PATH retrieﬁes a solution path.by tracing parent pointers
7 of a node.

{defun extract-a-star-path (node)
{do {{path nil}
{n neodé "{sn=parent n)})
{{hull n} path)
(setq path (cona (sn-state n) path))))
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H L
; Multiplication.
;

e
v e

(defun mult (&rest args)

:  {without~floating-underflow=traps (apply #7*% args)))
{apply #'* args))

)
i
i+ Feed Forward phase.

Py

{defun feed-forward (index get varbose)
(whan verbose (format t "Feeding vector ~d f:om ~d into network ...=~%"
index (if (eq sot TRAINING-INPUTS) O 1}))
{go {{u 1 {1+ u)}} {{> u {nét~size NETWORK}} nil)
{iet* ( (noise<added (lf (= NOISE 1) {random-nolse) 0. 0))
(thls-;nput (aref set” index u))
(anut—plus-nOLSQ (L (> th1s—1nput 0 5}
{- this-input noise-added)
(+ this-input noise—added))))
(setf (unzt—actlvation {aref (net-units NETWORK) u)) input-plus-noisea))}
{do {({layer NETWORK {net-next-~layer layer))}
{{output=layer? layer) nil)
{do {{ul 1 {1+ ul))) (> ul (net-size (net-next-layer layer))) nil}
{let {({this-unit {aref {net-units (net-next-layer layer)] ul)))
(setf {unit-weighted—-sum this-unit} 0.0)
{de ((c2 ¢ {1+ u2)}} ({> u2 {net—size layer)) nil)
(setf (unit-weighted-sum thig—unit)
(+ (unit—walghted—sum this-unit)
{mult (unlt—actlvation (aref (net-unlts layer) u2))
{connécticdn-weight
i {araef (net-connections layer) u2 l))))))
(setf {unit-activation this-unit)
- (activatrion—function (unit-welghted—sum thla-unlt}))))}
: {when verbose {format € "Result = ~14,7F ..,~%"

{unit-activation f{aref (net-unita OU:PUT—LAYER) 11N

i
- ¢r; Back P:opagate phase.

L

(defun back-prcpagate (lndex temp alpha verbose)
. {when verbosz {format t "Backpropagating arrors ...~%")}
tdo ((w'1 (1+ u))) ({> 0 [(net-size OUTPUT-LAYER}) nil}
{let ((th:s—unlt {aref {net—un1ts OUTPUT-LAXER) u)}}
{setf (unit—delta this-unit} -
{mult (~ {aref TRAINING-OUTPUTS index u)
{ehit-activation thls—unltu
{unit-activation this-unit)
(- 1.0 (unit-activation this=-unit)})})}))
(do {{layer {net-prev-layer OUTPUT-LAYER) {net-prev-layer layer)))
{(input-layer? layer} nil} )
(do {{u 0 (1+ u))) ({> u {net-size layer))}
{let {(this-unit (axef (net-units layer) ul} (sum Q.0})
{do [[u2 1 {1+ u2))) (> u2 (net-size (net-next-layer layer))))
(setf sum :
(+ sum (mult {unit—delta ’
B (aref (net-units (netunext layer layer)} u2))
C ) " {eonnection~welght

{aref (net=-connections 1ayer) u u2))))))
{setf (unit—delta this-unit}

Amult {- 1.0 {unit-activation this-unit}}

(unit-actlvatlon this—unit). sum)))})
{do {{layer {net— prev—layer GUTPUT-LAYER] {net-prev-layer layer))
{11 {1+ 1))
{{null layer} nil}
{do {{u 0 {14 u))) ({> u {net-size layer)) nil)

{let ({low-unit (aref (net-units leyer) uj)})
{de {{u2 1 {1+ u2))) {(> u2 (net-size (net-next-layer layer)}} nil)

(let* ((hi-unit (aref (net-units (nat-next—layer layer)) u2))
‘(the-connection {aref (ret-connactions layer) i uza)
{newchange

{+ (mult ETA (unlt-delta mi-unit)
{unit- activation low~unit))
. {mult temp-alpha
(conneqtion—ceita-weight the—connection}))))
{when verbose

(format t "Changing weight (~d ~d ~d) from ~14,7f to ~14, TE~%"

1 u u2 (connectieon~weight the~connection)
. {t+ {comnection-welgnt the-connection) newchange)))
(set.f (conniectioni-weight the-conmection) -
© (+ {connaction-waight tha~connecticn) nawchanga) ¥
 (setf (connectlon~delta~weight tha-connection) newchange) )1} 1)

TR

i
7; Learn,
i

(defun léarn {infile verbose}
(dotimes {epoch TOTAL-EPOCHS)
{when verbose [foxmat t "Starting epoch ~d -...~%" epoch))
{let ({temp-alpha {if {< epoch 10} 0.0 ALPHA))}}
{when {= U {mod epoch TEST-INTERVAL})
{evaluate-pregress eﬁoch infile} )-
fde {{x 1 (1+ x)}) ((> x TOTAL~TRAINIHG})
(feed—forward x TRAINING-INPUTS werbose)
{back-propagate x temp—alpha verboze})))}

Pz
++i Evaluate Progress.

re . N
PV . .

(defun'evaluate—progreés [epach.infile]
{evaluate~training-data.epoch infile)
(evaluateﬂtesting—data epech infile))

(defun evaluate tra1ning-data {epoch infile)

{do (L o (1+ i})) (= i 8)} (setf (axef TGIAL—GUESSED i) o0.0))

{do {(1 0 (1+ 1})) .{{=.18)) (setf (aref TOIAL-RIGHT i} 0.0})
(do {{{ 1 (1+ i))) ({> & TOTAL-TRAIMING): :

_{let {{right (aref TRAINING-OUTPUTS i :}))
{feed-forward i TRAINING-INPUTS nil)
{let ({output-activation ’
(unit-activation (aref’ (net-anits OUTPUT-LAYER) 1))))
(dO ({3 & (x+ 3N ({=-3 8))
(when {or (> output-activation (- 0.5 (* 0.05 1))
: {< cutput-activation (- 0.5 (*. 0.05 )1 })
(setf (aref TOTAL-GUESSED j) (= 10 (aref TOTAL-GUESSED 3k
{when {or {and {»> right 0.5}
: " . {> output-activation (+ 0.5 (* 0.05
{and (< right 0.5)
{< output— activation (= 0.5 (Y 0.05 335
(setf {aref TOTAL-RIGHT j} (+ 1.0 {(aref TOTAL-RIGHT 3}1)))})))
(with—opnn—file {ifile infile directlo1 toutput ‘:if-exists :append)
(format ifile "EPOCH ~d. Pearformanhca on tralnlng data:i~%~%" epoch}
(format ifile "Confidence: ")
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prev—layer last=- layer))
wouuou+mnt»uturmymn
{setf (aref (net-urits temp-net) u} (fake~unit))}
{when {cdr n) . -
(do ({0l 0 (i+ ul}}) {(> ul {(car mn)) nil)
(do {(u2 1 {1+ w2)}) ((» u2 {¢adr n)} nil)
{sebf (aref (net-connections temp-net) ul u2?) (make~connection)))))
(cond {{= {length n) {length STRUCTURE) ) '
(setf NETWORK temp-net)
{setf (net-size temp-net) (car n}}
(setf last- laynr temp-net})
{t
(satf (nnt—next—Layer last~layer) temp nat)
(setf (net-size temp-net) (car n))
{setf last—layér temp-net))})}

(defun ‘set=initial-weights () o
(do {({iayer NETNORK {net-naxt- layer layer;))) {(null layer} nil)
{let ((aiza (nﬂt-sxze layer}))
{units (nét-units. layer)) .
‘{connectiens (net-connections layer))}
{de ({(u @ (1+ u})) {(> u size} nil)
(setf {unit-activation {aref umits w)} 0)
{setf (unit-weighted-sum {(aref units u)} 0)
{setf (unit-delta (aref units u}) 0))
(when -(not (output-layer? layer))
{let ({next-layer—size. (net-size -(net-next- layer layer))})
“{do {(ul 0 {1+ ul)}) ({> ul size) nil)
{do ({u2 1 (14 u2})) {((> uZ next- layez-size) niU
{setf (connectlon—weight (aref connections ul uZ))
. (random-weight}} )
{gets - (connection~delta-waight (aref connections ul’ u2))
. 00NN MK .
(do {{layer NETHORK (net-next-layer layer))) {{null layer) nil)
{setf (unlt-actlvatlon {aref (net-units layer) 0)) .o

(dafun bullﬁunetwork {)
{set{ TOTAL-INPUTS (car STRUCTURE))
(setf TOTAL-OUTPUTS (car {last STRUCTURE})}
(construct-units)
{set—initial-weights))

i
s Buildlng the test - and traln seta;

iif

“{dafun bulld test—ahd—trainwsets 4]
{setf TOTAL-TRAINING 0)
(with-cpen-file (ifile TRAIN-FILE :direction tinput)

((de {(x (read-line ifile nil ’error) {read-line ifile nil ferrcr)) (tot 0})

{{or (string-equal ™" xz) {(eqg % 'error}) {setf TOTAL-TRAINING tot))
{when {not {string-equal "" x)} (setf tot {1+ tot}))))
(setf TOTBL-TESTING 0) _
{with-open-file (ifile TEST-FILE :direction :input)

{do {{x {read~line ifile nil ’error) (read-line ifile nil ferror}} {tot 0})

{{or f{string-equal "™ x) {eg x ’error)) (setf TOTAL~TESYING tot)})
{when (net {string-equal "" x)) (setf tot (14 tot))l)
isetf TRAINING=-INPUTS . : T
(make-array {1ist (I+ TOTAL—THAINING) (1+ TOTAL~INPUTS)}
; Tinitial-alément. 0.0)) o -
':{satf TRRININGHOUTPUTS : .
(make*array (lxst (1+ TOTAL-FRAINING) (I+ TOTAL-GUTPUTS))
s rinitidl~element 0. 0))
- (setf TESTING-INPUTS '

-Mon Jun 10 18:04:04 1991 2

{make-array (list (14 TOTAL-TESTING):.{1+' TOTAL-INPUTS})
" vinitial-element 0.0)) )

;  (setf TESTING-QUTPUTS

(make array .{list (1+ TOTAL= TESTIN@) {1+ TOTAL-OUTPUTS))
" tinitial-element 0.0))
(with-open-file (ifile TRAIN-FILE :direction :input)
(do ({x 1 (1+ x))) {{> x TOTAL-TRAINING) nil)
(do {{y 1T {1+ ¥))} ({> y TOTAL-INPUGTS) nil}
(setf {aref TRAINING-iNPUTS ¥y, (read 1fila))) -
(do ({y 1 (1+ ¥))) {(> y TOTAL-COTPUTS) nil)
{setf (aref TRAINING-OQUTPUTS x ¥} [(bound-outputs (read 1file))}))]
(with-open-file {ifile TEST-FILE :direction :input) .
(do ({x 1 (1+ x)}) {(> x TOTAL-TSSTING) nil)
{(do {(y 1 (1+ y))) ({> y TOTAL-INPUTS) ni;)
(setf (aref TESTING-INPUTS = ¥) (read ifile)))
{do ({y 1 (i+ y}}} ((> ¥y TOTIAL-OUTEU'TS} nil)
{setf {(aref TESTING-OUTFUTS x y) {bound-outputs (read ifile)))})})

73 Function BOUND-OUTPUTS takes.a targat output from a testing or tra;n;ng

++ file, and forces it to be at least 3. 1 and at most 0,9.

{dafun boundhoutputs {x)
{cond {{> x 0,2} 0.9}
({< x 0.1} 0.1)
{t x)))

(defun init-network {verbose)
(when verbose {format t "Buildlng natwo:k ...~%“))
(butld-network)
{when verbose (férmat t "Buzlding test and- train sets e %"))
(bulld—test-andhtraln-sets))

. v ome
e v

; Reading the input file.

i

{defun read-data {infile. verbose) )

{when verbose -(format t "Reading input data ..,~%"}}

{with-open-file (ifile infile idirection :imput),. - .
{de {(({x (read-char ifile) (réad-char 1flle))) {{egqual x #\:) nil) nil)
{setf STRUCTURE (read i¥ile)) : C .
tde {({x (read-char ifile) {read-char zf:le))) ({equal x #\:) nil) nil)
{setf TOTAL-EPOCHS (read ifile)) _ _ ]

(do {(x {read~char ifile) . (read-char ifile))) ((equal 2 #\{F nil) niny
(setf TEST-INTERVAL (read ifils)} : . '
(do {(x {read-char ifilse). (read—char ifilé))) {{equal = #\:) nil} ni)
{setf ETA (read ifile}) : .
{do ({x (read-char ifile) (read-char ifile))). ((equal x #\:) nil) nil}
{setf ALPHA (read ifile)) ' :

{do. ((x (read-char ifile) {read-chaz ifile))) {{equal x #\:) nil) nil)
{setf NOISE (read ifilie))

(do {{x- (read-ghar ifile) (read-ckar ifile))) ((equal x #\:} nil} nil)
{setf TRAIN-FILE (dalete #\Tab {delste #\Space (read-line 1Fila}))}
(do {{x (road-char ifile) (read-char ifile))} ((egual x #\:)} nil) nil}
{setf TEST-FILE {dalate #\Tab (dnlatn ¥\Spage  {read-iine 1fxle})))))

.
R - -

227 Activation function. -
Tere C s

Pi: >

.

(defvar zero-float ({(coarce 0.0 'float]i

{defun actlvation funﬂtlon {gum}
(/1.0 (+ 1.0 (exp {~ zero—float suml)))]ﬂ
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fi-m - )
BACKPROPAGATION ALGORITHM
(MULTIPLE OUTPUTS)
"backprop2.lisp™
- = il B
#|
Eackpropagation algerithm (multiple outputs)
To ise this program, you must set Up three input files: a ".txt",
a ".train", and a ".test™. Here is an example:
' File Xor.txt: .
Netwerk structure: (2 21
Epochs: ’ 801
Test after every N epochsi 100
Learning rate {eta): ' 0.35
Momentum -(alpha) i ' 0.90 -
Noise?: . o ’ 0
~Praining data: : #or.train ;
‘Testing datag xor.test
"File xor.train:
¢ 00
011l
101
110
Fiie zor.test:
000
101
The main file contains settings for various pa:ame&ers. There
- are .separate files for fraining and testing data.
Te run, call {(backprop "xor.txt"} {or whatever the filename is).
The program will append periedically its results to the end of
the "xor.txt" file. :
Thiz version of backprop deals with multiple output values.
Instead of calcuiating statistics on how well the net predicts
the cutpukt bit, this program prints out each input vector with
its actual and target output vectors.
1#

! Variables,

rid

{defvar NETWORK nil)
{defvar OUTPUT-LAYER nil)
{defvar STRUCTURE nil)

{defvar TOTAL-EPOCHS )
{defvar TEST-INTERVAL 0)

(defvar TRAINING-INPUTS nil)
(defvar TRAINING-OUTPUTS nil)
{defvar TESTING-INPUTS nil)

(defvar TESTING-QUTPUTS nil)

{dafvar TOTAL-TRAINING nil)
(defvar TOQTAL-TESTING nil}

{defvar TOTAL-INPUTS nil}
(defvar TCTAL-QUTPUTS nil)

{defvar ETA 0}

(defvar ALPHA 0)
(defvar NOISE 0)
{defvar TRAIN-FILE nil)
(defvar TEST-FILE nil)

;. Structures,

o w
ua me
e wr N

(defstruct (umit)

‘{weighted-sum. "float)

{activation ’fleat) (delta ffloat})
{defstruct {(net)

units connections size next- layer prev—layan

- ([defstruct (connection)

{weight 'float) (delta-weight Tfloat) ¥

(defun ocutput-layer? (layer)
{null (net-next-layer layer}))
(defun input-layer? {layer)
{null ({riet-prev-layer layer}))
(defun hidden-layetr? (layer)
{and {net-next-layer layer) (net-prev-layer layer!}}}

Building the network.

(defun random=raal -{le hi} (+ lo {randenm (- ai lo)}})
(defun randoem—weight (} (random-real -0.1 0.1))
{defun random—heise () {random—-real ¢.0 €.15})

(defun construct-units ()
{do .{{n STRUGTURE (cdr n)) (last~layer nil} (temp—net nil))-
{{null . n) ({setf OUTPUT*LAYER last-;aye:])
(setf temp-net
(make-net :units {make-array {i+ '(zar n)} :element-type ‘unit)
. tconnections .
tif (edr n)
{make-array (List (1+ {car n}} (1+ (cadr. n)))
telementt~type 'connectlon)

nil})
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(Go ((i O (1+ i))) {(= 1% 8))} (format ifile "~g, 28 " (* 1 0.05)1)) . { (output-layer? Layer) nil:
(format ifile 7~gmy : . ‘ fdo ({u @ (A+ u))) ((> u (net-¢ize layer)) nil) :
(format ifile "Guessed: ") ’ . (do {(u2 1 (1+ u2)}) {{> u2 (hér-size {net-next-layer layer))} nil)
{do {(i ¢ {1+ )3y (=1 8)) (Format ifila ".gq W . i {let ((the-connéction {aref, Inet-connectiong layer) u u2)))
- [round (aref TOTAL~GUESSED anry - C C {format ifile ™({~d ~d ~d ~zd,7f) ~%"
(format ifile %) ’ . : k & u2 1connection-neight the—connection)}))))}}
(format. ifile "Correct: " - . : ’
tde ({1 0 {1+ 4))) ((= 3 8)) (formay ifiie "~6d P . : (defun print-weights-—to~scresn ()
(round (aref TOTAL-RIGHT iy {£ormat t:"5%~%Weights:~%~%Wl .
(format ifile "~%") _ (do {{layer NETWORK (nat-next-layaz layer)) (k 1 {1+ K
{format ifile "Percent: ") T ' ' “(loutput-layer? layer) hilj
tde ((i 0 (3+ 1)1} (4= i &) (do (fw © (1+ u})) {((> u (net~size layer)) nil}) -
(format ifile "~6,2f " ) ) {do ((u2 1 {1+ u2}]} ({> u2 ‘net-size {net-next-layer tayer))) nil)
{if (> (aref TOTAL~GUESSED i) 0.5) {let {(the-connection {aref (net-connections layer) u u2)))
{(/ (* 1c0.0 {aref TOTAL-RIGHT 1}) {aref TOTAL-GUESSED iy} . {format t "ed-%7 ' : :
: 0.0)1: ' ’ - {list X u u2 (eannést ion-weight the—connection)}])))))
(format ifile T~%~%") )} ' : : .
(detun evaluate-testing~data (2poch irfile} . . : i#; Backprop.
(de {(1 0 {1+ 4))) ((= 1 8)) (setf (aref TOTAL-GUESSED i) 6.0)) ey
(do - {(i.0 1+ 1)} (= 1 8)) (setf (aref TOTAL-RIGHT iy a.o))
(de ({i 1 (1+ i) >t TOTAL-TESTING} ) ) {defun backprop {infile Sfoptional verktsse:
{let ((right ({aref TESTING~QUTPUTS i 10 - {read~data infile verboase]
(fead-forward i TESTING-INPUTS nil) {init-network verbose}
(let ({output~activation o : {learn infile verbose)
{unit-activation (aref (net-units OUTPUT-LAYER) ISER D] {print-weights infile))
o ({30 (1+ 9)}) ((= o8y ’

{when (or (> output-activation {(+ 0.5 {* 0.05 §)))
(< output-activation (- 0.5 (* 0,05 3N
{setf (aref TOTAL-GUESSED j} {+ 1.0 (arer TOTAL~GUBSSED 3V}
{when (er . (and {> right 0.5)
e A> output-activatien {+ 0.5 (* g.45 3113}
« {and- {< right 0,5)
s (< output-activation (= 0,5 (* 0.05 991 : . .
, {setf. (aref TOTAL-RIGHT j) (+ 1.0 .(azef TOTAL-RIGHT §3)11))3)) :
(with-open=-file (ifile infile :direction :output :if-exists append)
(format {file "EPOCH ~d, Parformance on testing data:~%~%" epoch)
[foxmat ifile "Confidence: M)
{do ({f & (1+ iy (=1 )} (format ifile T-6,2F " (% | 0.05)}}
{formst ifile ™~%m) :
(format ifile "Guassed: "y '
(do {{i 0 (1+ i)}) ({= i 8)) (format ifila =-gg
{round {aref TOTAL-GUESSED 0N
{format ifile Togmy
(format ifile "Correct: ™)
{do ((i 0 (1% )k ({= 1 8)) (format ifile "~ga »
{round (avef TOTAL-RIGHT SSREN .
(format ifils n.gmj
(format if{le "Percent: - L]
(o {{: 0 (1% 431} ((= 4 8))
{format ifile "e6,2E " .
{(if (> {(aref TOTAL—GUESSED‘.'J'.) 0.5)
{/ (* 100.0 (arer TGTAL=RIGHT i)} {aref TOTAL—-GUESSED 'i))
0.0)}} : '
(format ifile T %T )

ir
t7; Print Weights.

E

{defun Print-weights {infile).
~{with-opeén-file (ifile infile :direction toutput :if-éxists rappend)
{format ifile "~%~%Weightsing~gm) :
{do {{layer N@EWORK.{net—next—layer layer)) (k 1 (1+ k)
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F Multiplication .

LR

. {defun mult (&rest args) 7
7 (without-fioating-underflow-traps (apply #’'* args}))
(apply #'* args))

~
.~ v N

H Eegd-?érwa;d phase.
: . .

(dafun feed-foiward {index set)
~{de {{u 1 (1+ u})) {{> u (net-size NETWORK)) nil}
L {let* ((noisé-added [{if (= NOISE 1) {random-noisa) 0. 0))
(this-input (aref set index u)}
(1nput—p1us-noise {Lf (> this~input. 0 5}
(= this=-input noise—added}
(+ this-input noise—added}}})

{setf (unlt-actlvation {aref {net-units NETWORK) ul} input-plus—n01se)))

{de ({{layer NETWORK (net—next—layer layar}))
{{output-layer? layer) nil).
(do (ful 1 {1+ ul))) -({> ul {net-size- (net—next-layer layar))} nll)
- (let {{this—unit (aref (ret-units ‘(net-next- layer layer)} ul}))
- {setf (snit-weighted-sum. this-unit} 0.0)
(de {(u2 0 {1+ u2))) {((> u2 (net-size layer)}) nil}
© (setf -(unit-weighted-sum this-unit)
{+ {unit-welghted-sum this-unit)
mult {unit-activation (aref (net-units iayer) u2))
{connection-weight
{aref (net-connections layer) u2 ul)}}i))
{setf (unit-activation -this-unit) ’ ]
 (activation-furiction {unit-weightedrsum this-unit})}))))

; Back Propagate phase.

EISETEEM
BTV
N e Ay

{defun back-propagate (lndex temp-alpha)
{de {{u 1 {1+ u})) ‘{{(>u [net-size OUTPUT-LAYER)} nil)
{lef {{this-unit (aref (net-units OUTPUT-LAYER) ul}))
(setf (unit-delta this-unit)
{mult (= {aref TRAINING-OUTPUTS index u)
- {unit-activation this-unit))
{unit-activation this-unit})
{= 1.0 {unit—activatlon this-uniti}})))
{do [(layer (ngt—prev~layer OUTPUT-LAYER) (net-~prev-layer layer)))
{ (input-layer?. layer) nil)

{do {{u 0 {%+-u))) ({> u {net-size layer))) .
(let {{this-unit {(aref {net-units layer) u}} {sum 0.0}
{do ((uz 1 (14 u2))) {{> u2 (net-size (nat-next layer layﬂr)}))
(setf aum

(+ sum’ {mult (unit-delta

{aref {(net-units (net—naxtwlayer layer}) uz))

(connactlonuwelqht
{aref {net—-connections layer) u u2))))})
{setf (unit-delta this—unit)
{mult (- 1.0 {unit-activation this-unit))
(unit-act1vatlon this—unit) sum)))}}
{do ((layer (net-prev-layer OUTPUT-LAYER) (net— prev—layer layer)))
{{null layex) nil)
{do {{u 0 (1+ uyI} ({> u (net-size layer)) nil)

{let {t{low-unit {aref (net-units layer): u}i)

(do ((pz.l {1+ u2))} ({» u2- {net-31ze (net-next layer layer)}i}- nxl)

(let* {(hi-uznit {aref (net-units (net-next-layer layer)) u2)}
(the-cénnection (aref (net-connections layer) u u2})
(newchange

+ (mult ETA (unit-de_ta hi-unit)
{unit-activation low—unit))
(milt temp-alpha
{connection-delta-wealght the-connection)))))
(satf (connect;on—weight the-connection)
{+ {connection~weight the-connection) newchange))
(setf (connection-delta-weight the=-connection} hewchange))}))))

i ,
s:¢ Leazn,

srn
Frv

{defun learn {infile)
(gotimés (epéch TOTAL-EPOCHS)
(let {(temp-alpha (if- (< epoch 10} 0.¢ ALPHA}))

{when (= 0 (mod epoch TEST-INTERVAL;)
(evaluate-progress epoch "infile)l

Afdo ({x L A+ xN)) {(>-x TOTAL-TRA;FINC))
{feed-forward x TRAINING-INPUTS)
(back—propagate X temp—alpha))))’

; B¥sluate Prdéxesa.

e
e v

.

{defun evaluate~progress {epoch infile) . A )

{with~open-flle (ifile infile :direcdtiem :cutput :if-exists rappend)
{format ifile "~%Epoch ~d.~%~%" epoch] -7
(format ifile "Training.~%"))

{evaluate-training-data epoch infile) )

(with-open—-£ile {ifile infile tditection icutput :if-exists :append)
{format . ifile “Testing.~%"))

(evaluate—testlng—data spoch infilel)

(defun aevaluate-training-data (epoch infile}
(declare {ignore epoch)) E :
(with-open~file (ifile infile tdirection routput :if-exists :append)
{do {{i 1 {1+ 1))} {(>'1 TDTAL—TRAIHING)}
{feed-forward i TRAINING-INPUTS)
fdo ({3 1 {1+ )11 ((> ] TOTAL-INPUYS) nil)
(format ifile "~4,1f" {aref TRAINING-INPUIS 1 i)}))
{format ifile ™ ~-> ")
{do ({§ 1 {1+ 3})3 ((> j TOTAL-OUTZUTS} nil)
{format ifile "~3,1f "
Aunit-activation (aref (net- un1 s OUTPUT-LAYER) j))))
(férmat ffile " ‘(target ="}
(do. ({3 T (1+ 3})) (> 3 ToTA}:.—OUTDHS) nil)
{format ifile "~4,1f" (aref TRAINING-QUTPUIS i §)))
{format ifile ")~%"})}) . .

{defun_evaluate-testing-data {epoch infile)
(decldre (ignore epoch)) oL
{with~open-file {ifile infile d1reﬂtisu .output rif-exists tappend)
{do ({1 -1 (1+ ip)y {{> 1. TOTAL*TESTIN%)) . .
(feed~forward i TESTING-INPUTS]
(do {{J & {1+ 3})) £(> F TOTAL-INPITS) nil)
{format, iflle ™~4,1f" {aref TESTING-INPUTS i J)))
(format. 1file " =-> "} .
(do {(J-I ¢1+ 3011 ((> 3 TOTAL—OUT”JTS! nil)
{format ifile "~3,1f *
{unit-activation (aref (net-unirs OUTPUT-LAYERJ j))))



backprop2,lisp -

. rprev-layer last-iayer))
(do‘((u_ G (2+ u))) {(>u {car n)) nil)
{setf (aref (net-units temprnet}‘u)-(make—unit)))_
(vhen (cdr n) e o : )
(dé (ful 0 41+:uld)) (> ul (&a¥ i) ) nily
v {do ({u2 1.(1#-u2})) (> 02 {dadf m)) hil) ’
“{setf (aref (net-~connections temp-net} ul u2) {make-connectiony))})
(cond ' ( (= (length n) (length STRUGTURE)) .
" {setf NETWORK temp-riet) .
" (setf (nat-size temp-net) {(car n))
{setf last-layer temp-net))
[§4
(setf (net-next—layer‘last-Layer} témp-nat)
(setf {net-size temp~met) {&ar n))
(setf last-layer temp-net))}])

(defun set-initial-weights () . . .
{do ((layer NETWORK (net-next-layer layer)}) {{null layer) nil)
(let ((size {net-size Yayer}) .- ' - )
funits (net-units layez)) .
{connactions ‘(net-cofinections layer)))
Ade - ((u & (14 u})) ((>u size) - nil)
o Isetf {unit-activation (aref units .u)). 0
(setf (unit~welghted-sum (aref units u)y 0)
{getf {uniit-delta (aref units u)} 0))
iwhen {not (output-layer? layer))
(let ({next~layer-size (net-size fnet-next-layer layer))))
fdo ((ul O {1+ ul))) ((> wl glze) nily
(do- {{u2 1 (1+ u2))} {(> u2 next~layer-size) nil)
{setf {eonnection-weight {arefrconnactiqns ul u2}}
] " {zandom-weight}) -
-{setf (conneétionvdeltahweight;(a:ef-conneétioﬁs\dl-uZ])
_ ver M IIIINY e e e
(do ({layer NETWORK (het—nextHIaye::layer))) ({null layer) nil), °
-(satﬁ.(uhitéactiﬁétion'lareﬁ,(net—uniﬁs layér) 0)) 1.0)9}%

(defun Yuild-network {) : e
tsetf TOTAL-INPUTS (car STRUCTUEE}} . )
setf TOTAL-OUTRUTS (car (last STRUCTURE)))
{censtruct~unit s} .
(setﬁinitjalwweights))

N . o
777 Building the test and train sets.

Fer

{defun build—;est-and-train-sets.()
(setf TOTAL~TRAINING 0) B RRE L .
(with-open-file {ifile TRAIW-FILE “sdirection :input) -
. (do. "{{% (rsad-line ifile nil error] {read=line ifile nil ferror)} (tot 0))
{lor {string-equal "" x) (eg x-ferrox)) (setf TOTAL-TRAINING tot)}
(when {not. {string-equal "= uj) {SBEE tot (1+ tot)) )y}
. “{setf TOTAL-TESTING 0) :
(with-open~file {ifile TEST-FILE :direction :input)
{de [(x (read-line ifile nil *errbr)-(read—line ifile nil ferrer)) (tot 0}
{{er (string~equal " x) (eq x ferror)) (setf TOTAL-TESTING tot})
{when -{not {string-equal "= X)) (setf tot (1+ tot)})))
{setf TRAINING-INPUTS :
{iake-array {list (1+ TOTAL~TRAINING) (1+ TOTAL-INPUTS) ).
~iinitjal-element €.0)) )
(setf TRAINING-OUTEUTS . . o
{make—array (list (i+ TOTAL-TRAINING) {1+ TOTAL-QUTPUTS))
] :ih;tial-elément 0.01% . - .
{setf TESTING-INPUTS ’

Mon Jun ‘10 18:04:05 1991 2

N e

{make-array. (list (14 TOTAL-TESTING} - (1+ TOTAL-INPUTS)}
- iinitial-element 0.0)) '
© {setf TESTING-OUTPUTS . I )
(makd-array (1ist’ {1+ TOTAL-TESTING) {1+ TOTAL~CUTPUTS) )
. tinitial-element 0.0)) : . : '
(vith-open-file "(ifile TRAIN-FILE :direztion tinput})
fdo ((x'1 {1+ x))) ((> x TOTAL-TRAIBING) nil)
{do ((y 1 {1+ ¥))} ((> y TOTAL-INPUTS)} nil)
tsetf {(aref TRALNING-INPUTS 'x ¥) (read ifile)}) -
fdo {{y 1 (1+ y}J) ((> y TOTAL~OUTPYTS} nil) :
(setf (dref TRAINING-OUTPUTS X ¥) {ibound~outputs (read ifilel) i)
{with-open-flle (ifile TEST~FILE :direction :input) :
(do ({x 1 (1+ %))) ({> x TOTAL-TESTINGI nil)
{do ({y 1 {1+ y1)) {(> y TOTAL-INFUTS} nil}
(setf’ (aref TESTING-INBUTS x y) Tread ifile)})
(do {{y 1 (1t ¥)}i ({>y TOTAL-OUTPUTS) nil} ) .
{setf (aref TESTING~OUTPUTS x ¥} +bound-outputs ({read ifila)))n)dy

5+ Function EOUNDuOUTPUTS takas a tazgét cttput from a testing or'training
;¢ file, ‘and forces it to be at least 0.1 znd at most 0.9,

(defun bound~outputs {x)
{eond ({> = 0.9) 0,9) .
' {(<x 0.1) 0.1)
e %))

{defun Init-netwerk () -

(build-network) .
(build—test-andftxéin-sgts))

.Reaging the ‘input £ile.

. ne e
N wa e

(defun read-data {infile)
{With-¢pen-file (ifile infile :directicn :input}
{do {{g {read-char ifile} {raad—char‘iiile})] {tequal =z #\:) nil) nil)
{setf STRUCTURE (read ifile)) - . o
{do ({x (read-char ifile) (read-char ifile))) ({equal x #\:} nil) nil
- {setf TOTAL-EPQCHS (read ifile)}. . )
{do {{x {(read-char ifile) (read-char ifile))} ((equal 'x #\:) nil) nil)
(setf TEST-INTERVAL {read ifilej)’ i
{do ({x {read-char ifile) .(réad-char ifile)}) ((egual x ¥\:) nii) nil}
(tetf ETA (read ifile)) R . :
fdo {(x {read-char ifile) (read-char 1Eile) )} ((egual x $#\:} nil) ngl) -
- {sétf ALPHA (read ifila))
" {d8 {(% (read*char ifile) (read-char ifile}}) ((equal x #\:z) nil) nil)
- {getf NOISE {read ifila}) ’ .
{de ((x (read-char ifile) (read-char-ifile))) ({equal x #\:)} nil) nil)
{setf TRAIN-FILE (delete #\Tab (deleta #\Space (resd-iine ifile)i))
{do ({x (read-char ifile} (read-char ifile))} ({egual x #\:) nil) nil)
{setf TEST-FILE (delete #\Tab (delste #\Space {read-line ifile)))) )

) ’
;¢ Activation function.
i -

v e

{defvar zero-filost {cosxce 0.0 ffloat)}

{defun activation;function;(suﬁ) i
(7 1.0 {+ 1.0 {exp {(~ zgro-iloaﬁ sum)})))

.
Frr
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$#1=- --- i co. —— ‘ . . ‘. . . ——

BREADTH-FIRST SEARCH
"bfs.1isp”’

;' Structure BFS-NODE stores nodes of the search tree, Every node in the
i breadth~first search has two components: the state and the pa:ent of
;_the node,

LTI TO YO PR

(defstruct bfs-node state parent)

Function BFS performs a breadth—first search and returns a golution
path from start to goal. Nodes on the frontier of the search space
are kept on NODE-LIST. - When a node is expanded, its $uccessors are
appended to the back of NODE~LIST.

The versions of breddth-first search .in this file dé not take edge
costs into account -- i, ., they expand the sgarch space as though
- the cost of moving from ohe state to another were constant,

W e W % At e
e v W W N N wa W

~.
~

" - {defun-bfs (start &optional verbose)
{let ((node-list (list {make-bfs-node :state start :parént nil}i))
{do*. {(node (car nocde~list). (car node-list))
{sclution—found (if (goal-state? start) node nil}})
.- {{or (null node-list} sclution-found)
" {if (null node-~list)
"No sélutien.” -
i (extract—bfs=-path solution fcund))) :
(when verbose (format t "Expanding noda ~g~%" (bfs—node -state node)))
[let ((succs (mapcar #! (lambda (e)
(make—hfs—node zatate e
iparent neda))
{expand (bfs—node-state node}))))
(setq solution~found (find-if #' {(lambda {s)
{goal-state? (bfs—node—state 8) 1}
. succs))
{setg node~list (append (cdr node-llst) succa)}))))

7 Function EXTRACT~BFS-PATH takes a geal nodé and follows its parent
;+ pointers back to the initial- nede, returning. the list of all states
P along the path.

{defun éxtract-bfs—path {node) .
(do ({path nil} ‘
(n node (bfs- nede-parent n)))
((null n) ‘path)
(setq path (cons (bfs—node-state n) path))))

;i added to the search space,

.y
iy

That. is, the same state will net be expanded

twice. WNodes already expanded are kept in a list of eclosed nodes.

(defun bfs-graph (start &optional verboase}

-~ v

y
7
H
7

(lat {{node-1ist (list (make-bfi-noda :state start :parent nil))}))
(do*. {(node (car node-list) ({car noda-list}} ’
(clesed nil)
(goal-found (if (goal-state? start) node nil});}
{(ox (null node-1lilst) goal-found)
{if (null node-1lst)
"No solution;™
- (extract -bfs-path goal- found)))
{when verbose (format t "Expanding node ~d~%" (bfs-node —-state . node)))
{let* ((all succs” (m3pcar #7 (lambds - {o).
{make-bis-node :state e
parent node} )
(expand {bfs~node-state node}}))
{succs {nodes-not-vigited all-suecs node-list closed}))
{setg goal-found {(find-1if !'(lambda (s) -
{goal~state? (bfs-node-state a8))}
o succs) )
(setq node-list (append {cdr node-1ist} siccs))
{setqg closed (cons node closed))})))

Function NODES~NOT-VISITED returns all nodes on ALL-SUCCS that are not
present on NODE-LIST or CLOSED, . That is, all nodes that have not besn
ptaviously vislted.

{defun nodes- not—v;sited fall- succs node—llst closed) .

{set-difference )
{set-difference all-sudes
node~list
stest #7 (lambda (nl n2) : )
(eq-states {bfs-npode-state ni)
{bfz~node-stata n2))})
closed :
ttast #7 (lambda {nl n2) :
{eg~atatas (bfs~node~state ni)
{bfs-node-state n2))))).
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. (fommat ifile * (target LA I a
o L 1+ 1) (> 3 TOTAL~OUTPUTS) nii)
(format ifils "~4,1f" {aref TESTING-QUTPUTS & §))}
{format ifile R LS BDD]

i
f77 Print -Weights,

PiE

{defun prift-weights (infile) - s o
:,.1Fi§héopenffi1éf(ifile:iﬁfiie‘:dirébtion routput iif-exists rappend)
(format. {file T~%~tWoightsr~gsgm) . o
(do' {{layer NETWORK (ﬁet“next-layer layer)) (k 1 (1+ k)1))
" {{output-layeiz layer) nil) . S :
Ado ((d .0 (1+ u))) (t> u (net-size layer)) nil)
{do-{{u2 1 (1+.u2))} ({> u2 {net~-size {nst-néxt-layer layer))) nil)
(let~((the—conne¢tion-(aref (neE—connectibhs-lay&r) u u2)}}
{format ifile Mug-gn L : .
{list %x.u ﬁ2-(connection;weight the—connactionl))))))))

e

ir ’
7i Backprop.
iV

(defun backprop’ {infjile)
Afread~data infils) :
{init-netweork)

_{leaxn infile)

"”(print—weights infile))
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' DEPTH-FIRST. SEARCH
ndfs. Lisp”

- e
LTSRN

Function, DF5 does a depth-first dearch from the start state. If a goal
gtate is found, it returns a solution path, DFS can easily get stuck

ik an' infinite loop, since it may enter the same state twice along the
; same search path. '

~i

ar e e
%

(defﬁn dfs (start. &opticnal verbese)
(let,((result'(dfs—l start verbose))} ..
{if -{nuil result) "o seiution.® result)))

“{defun dfs-1 (start.verbose) o ‘
" .(when verboge {(format & »Expanding nede ~d~%" start})
" {eona “((goal-state? start} (list start}}
it T _
{do {{succs [expand start) {cdr succs))
{solution-found nil)}
{lox solutipn*found-(null suecs))
"{if solutien-found {cons start solutieh-found} nil}p}
{setq solution-found {dfs-1 (car succs) verbose))})}))

e

Functicn DES-AVOID-LOOPS doas a depth-first search from the start state,
but never ehters a state .which it has already entered aiong the current
“search path.’It.avoiGS‘lodps by remembering all .of the anceéstors of a’
glven state.’ : S o : :

-

cay wm wame e e me
~

S Function DFS-WITH-CUTOFF takes an additienal parameter, DEPTH=CUTOFFE,
and performs the same gearch as DFS—-AVOID-LOOPS, but never searches
to a depth beyond the cutoff. .

.

-

~ {defun df s~aveid-loops. (start soptional verbose)
" {let* ((parents nil} '
) {depth-cutoff *infinity¥) .
{result (dfs-avoid-loops=-l start parénts. depth-cuteff vexhbese}})
{if (nul)l result) "Ne sclution.” result)}} ’

- {defun dfs-with-cuteff {start depth-cutoff &optipnal verbose)
C{let {(pargnts-nil)' o L e o
: {result {dfs—avoid-loops~1i start parents depth-cutoff verbose)))
(Af (null Fesult)- MNo' solution.” resuit))) ’

N

{defun df s—avelid-loops~l {start parents depth-cutcff verbose)
{when verbose (format t "Expanding node ~d~%" start))
{eond {{goal-state? .start) (list start)) - o
' ({= depth-cutoff 0) mil} ; decrease depth-cutoff until it is ©
(£ (let {({all—succs {expand start}}) : : :

{de l(succs-(remove—dfs~paren;s all-suces parents)
: - {cdr sudcs)) )
{solution-found nil}) :
{{or solution-found (null succs)) ) o
{if soluticn-fouhd {cons start sclution-found} nil))
(setqg aolution-found-(dfs—avoidﬂloops—l {car suzcs)
o - (cons start parenta)
. (1~ dapth-cutoff)
- verbose)111H})

. (defun reémove-dfs-parents {all-succs parents)
(mapcan #’ {lambda {auce)
{if {member succ parents :itest $’ ag-statas)
nil :
(list suce)))
all=succs)) - o
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ITERATIVE-DEEPENING SEARCH
rdfid.lisp"

- . : m———

. . . . . .
Y Functxcn DEID does a depth ~Eirst ;terative deepening search, “MWhen it
:: reaches the geal state, it returns a selution path. DFID calls
15 DFS-WITH-CUTOFF sach time with greater dapth, which performs a depth
r: limlted, depth~first seatch aveiding lodps along a single path.

{defun dfid {start &optlonal varbose)
(do ((success nil)
{depth 1 {1+ depth]))
-(suceess success) :
{when verbose - (format t "Beginning 1teration number ~d-%" depth) )
{let ~{(result (dfs-with-cutoff start depth verbosa))}
(when (not {and {stringp result)
. {strihg-equal rdsult "No solutien.™)))
(setq success rasult)) )} ),

(defun dfs—w1th—cutoff (sta:t depth—cutoff &opt;onal verbose)
 {let* {(parents nil) -
(result. (dfs-avoid- loops 1 start parents depth—cutoff varbose)))
(1f (null result) "Ne solutlon." result)})

’ {defun dfs—av01dnloops~1 {start parents depth—cutoff verbose}
" Y(when verbose {format 't "Expanding node ~d~%" start}).
(cond ((goal-state? start) (list start))
" (= gepth-cuteff C) nil) ; deexrease depth—cutoff until it is ©
(t' (let {(all~succs {expand start)))
(do. {{sucecs (remove-ida-parents all-succs parant.s)
{cdr succs))
{solution-found nil})
{{or solution— found {nuil. succs) ).
(if selutien-found {cons gtart. selution-found) nil})
(setq solution—found (dﬁs—avoid-loops 1 (caxr sucecs)
i ! Do ) -{cons start parenta)
: . ) e ‘{1- depth-cutoff)
[ . : ' . verbose)}) )il

Funct1on IDA-STAR performs a heuristic depth-first iteratlve deepening .
sedarch. "It explores the search space deeper and deeper on each iteration;
during each iteration,. it expands all nodes whosae g+h values are 1ess

“than some threshold.

-

L LR T PN S

k)

“The thresheld is initialized to *infihity* before we call IDA-STAR-DFS

Ne SrNe Ae he weime e

e

during that zteration._

during an ite:atlon,-and is augmented by the minumum amount it was exceedod

{defvar *amount-axceeded* 0)

(defurni ida-star {start Eoptxonal verbose)
(do - {(solution~found nil)
(iteration I (L+ iteration))
{threshold .(heuristic -start)))y
(solution-found. solution=found) :
{when vexbose (format . t "Beginning iteratien number ~d, threahold ~q~%"
iteration threshold)) :
{setg *amount-exceaded* *1nfin1ty*)
(let ({parents nil)
(depth 0}
{setg solution-found
. . {ida=star-dfs start. paranta threshold depth verbose)))
{setq threshold (+ threshecld *amount—nxcended*)))}

Functioi IDA~STAR-DFS parforms heu;istic threshold-limited depth-first
search avéiding léops aleng a single path.

{defun ida-star~dfs (start parents threshold cost-so-far verbose}
{cond ({goal-state? start) (list stazt))
({> (+ cost=-so~far fheuristic start}) threshold)
(zetq *amount=-exceeded* (min *amount-axceedad*
. {= {+ cost-so-far (heuristiec start))
N . - threshold)))
‘nil) .
{t '
{when verbose (format t "Expandxng node ~d~%" start))
{l2t (tall-succs {expand 'start}))’
(do { (succs {removn—idawparents all- succa parents)
{cdr succs)) ’
(501ut10n~feund nil)} .
({or solutlen-found {null 5ufcs))
T ALf solution—found (cons start solutlon ‘found} nll))
(setq solution-found (1da~star-dfs {ecar succsj
- {cons start’ parents)
. threshold
(+ cost-so-far N
{cost-ecf-mdve .start
. . {car suces)})
verbose)))))})

{defun remcve-idi-parents {all-sices parents)
(mapocan # (lambda {succ)
- : {if (member suce parents itast #"eqg-states)
“'nil ’
{1ist aucc}))
all Succs))
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GENERIC GAME
rgeneric-game.lisp”
- - - - | §
£l- - e ——— - - - -

This file can be used as a template to craate new games. To create your own
game, £ill in the functions below, adding whatever auxiliary functions are
necessary. .The func¢tions are: .

t if the search has proceaded desp enough .

evaluatlion of position pos from player’'s
point of view. ' ’

genarate-all successol positions to poss
return the opposite player.

. print board position pos.

return new poaition bdsed or old positicn and
player’a move.

t if player has wWon.

t if pos is a drawn position.

{deep—enough pos depth)
{static pos player)
(movegen pos player)
{opposite player)
{print-board pos}
{make-move pes player move)

(ﬁon? pos piayer)
{arawn? pos)

- The impoertant variables are:
*start* the 1nitialﬁboard configuration.,

These functions and variables are all called from minimax.lisp.

Fox an'example'game, see “tictactoe.lisp*. : ’ ;‘ : -

- . - .— L " N N l#
;3 Variable *START* holds the starting pesitien for the game.
(defvar *start¥)
{setqg *start* nil}
+: Function DEER-ENOUGH returns t if the search has proceeded deep enough.
j: This can be a function of {either or both) the position and the dapth of
;+ the search.. . : .
{defun deep-encugh (pcs depth}

nil)

;7 Function STATIC returns a number which is the evaluation of position pos
:; from the viewpoint of the player. A positive number is favorsble for the
; player; a negative one is unfavorable,

~

{defun static (pes player)
nil} ’ :

i: Function MOVEGEN takes a positién and a playe
FE successor positlons, i.e., all possible moves

(defun movegen (pos player]
nil}
;: Function OPPOSITE returns player one when giv
3 vice-versa.
{defun opposite kplayer)

nil)

;; Function PRINT-BOARD prints the‘gamg beard.

. (defun print-board {pos)

nil)
;¢ Function MAKE-MOVE returns a new position bas
:: a player's move.
(defun make-moéve (pos player ‘mova)
nil} :
;7 Function WON? returns t if playef has won in

(defun won? (pos player}
nil)

;: Function DRAWN? retuxns £ if pos-is a drawn {

{defun drawn? (pos)
nil})

r and generétes all legal
a player coqld makea.

an player tuo, and

ed on the old position and

position pos.

tied) poaition.
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B GENERIC DOMAIN
"genericilisp”

BT

This file can be used as a template to create new domains., 1o create your oWn
domaln, fili in the functions below,»addlng whatever auxiliary functions are
_necessary. The functions are'

£ if|s is-a goal state

dre £ dnd: s2- edual? -
(expand:s) . . successor states of s -
{hash—state 5) L seme|has value for s
{print-state. s} ' .~ print functien
(destroy-state. s) dispose of state structure
fheuristice s) ‘heurlstic distance batween s and the goal
{generateproblem) . randdmly generated start-state’

“{cost=of-move §1 -32) cost -of moving from sl to s2

(goélestatsz 5}
(eq—ibét95151;52).

”The impoxtant variables are:

*samp13h1nitial-state*
*goal-state*

These functions -and variablies cam all be called from an outslde searph program-

In fact, these are. the functions called by our implementations of depth-fizst,
breadth-fqut, hlll—climb;ng, ‘A*, DFID, IDA* ahd RTA*. search.

For exaﬁplendoﬁainsr see'“ndpuzzlé.lisp*'and "travel.lisp”.

;. Variablé *INFINITY* will be used as. the largest possible number.
; MOST~POSITIVE-FIXNUM is a2 Lisp symbol that provides it.

(defvar *inﬁinity* most-positiveffixnung

L Varlable *SAMPLE INITIAL-STATE* holds a sample inltial ptate.

_(defvar *sampla-inltlalvstate*)
i;,Varxable *GOAL= STATE* Lolds & gdal staté. This canrbe nil if thera 1s no
;;'unique goal . state. : .

Idetyar *goastgatet}

{setq *sampla-initlal-state® mil)

e

{setqg *goal*étate* nil}

; Functions required by saarch progxams in any domain.

H
:

;; Functlion GOAL-STATE? returns L iff s is.a goal state.

(defun goal-state? -(s)
+nil)

7 Function EQ-STATES .returns t iff sl and s2 are the .same state.
{defun éq—states {31 §2)
nii)
77 Function EXPAND takes a state and returns all possibie successor states.

(defqn-éxpand‘(s) S : - )
nii) : - R . ‘ .

-;;~Function PRINT-STATE prtnts a state.

“ {defun print-state (s &rest ignoxe}

{declare (ignore’ 1gno:a)]
nil}

Finction HEURISTIC |provides a humerical estimate of the difficulty of

" ;: reaching a goal state from 8. The higher the estimate, the more difficulty.

{defuq-heuristic {3)
nil)
7/ Function GENERATE-FROBLEM return? a randomly generated start state.

{dafun generats-problem ()
nii), .
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{(and (neg-c¢lass €l) (muit-clasa «2}) ’ . ‘ (defvar gl2)

xfailt) - . ' ! (defvar gl13}
{{and (mult-class cl) (atomie~class c2)) - . (defvar gl4)
{eons (car ¢l) {union (list c2) fcdr cl)})) '
‘((and - (mult-class &1} (dlsjuclass ¢2)) . (setqg g1 (tree->graph f{{a 1} .(b 2}}}}
(cons ‘(car ‘¢cl) {cons c2 {cdr cl))}} . : (setq g2 (tree—->graph ' {{b 2) {c 331y
{(and (mult—¢lass cl) (neg-class <¢2}) {setg g3 (tree->graph ' {(b 3) (d 41}
*Fail¥) ‘ .
" {(and {mult-class cl) (mult-class c2)) . . it {graph-unify gl g2} -~> ((a 1) (b 2) (e 3}}
{cons (car cl) {unien (edr cl} (ecdr c2)}}))) $; {graph=-unify gl g3} --> FAIL
;. Function GRAPH~UNIFY . : . - : (setq g4 (tree->graph ' ({a (*OR* 1 2 3}) (b 5))})
HH - : ' . . {setq g5 {tree->graph ' ({a {*OR* 2 3.4)) (b 5JI 1)
;1 Unifies two graphs. Congruence closure algorlthm, runs in : ’ ’ . :
3: Ol log m) time, where n is the number of nedes in the input graphs. 7z (graph—unify g4 g5) --> {(a {*OR* 2 3)) {b 5h)
(defun graph-un‘ify (dl d2) . - : {setq g6 (tree->graph ' ({a:(*NOT* I 3} (B 5}}))
(mf-init dl) i : {setq g7 {tree->graph ‘({a (*OR* 1.2 2)} (b 5)))}

(mEf~init 42).
{let {({el (copy-graph dl)) (e2 {copy-—grdaph d2)))

(do- ((palrs (list {(cons &l e2))) (setq gB (tree->graph ' {{a (*MULT* L 2 3)). (b 5))))
{current) (u) {(v) {newclass) {(w}) {setq g% (tree->graph ’{{a (*MULT* 2 3 4)) (b 5))})
{(null pairs} (create-result- graph 2 el e2)) . . B : . ) .
{setqg current (pop pairs)} _ ;¢ (graph-unify g8 g9) =-> ((a (*MULT* 4 12 3)) (b 5))
{setqg u (mE=find (ecar ‘eurrent) H T . . ’ . . ’
{setq v (mf-find (e¢dr current))) : L o T (sétqg gl0 (tree->graph ‘{{a ((b ({c 4} (d 6)Y)}} (e 7}}})
{setqg newclass (um.fy-—classes {(graph-node- class u). {graph-nocde-class v}}) : (setq gil (tree~>graph "{{a ({b ({d 6)}))). {e T} (£ 9111
{when {eg newclass *fail*) {return *fail*)) - : ’ ’ ' - :
{when (ox-{and ;¢ (graph-unify gi0 gll) --> {{a {{(b ({c 4) (d €))}) (& T) (£ 9))
’ {not {eqgual {graph-node-class u) *variable*)) ’ .
(not {null {graph-node~arcs v)})) : : (satq gl2 {print->graph ‘ {{$0000 VAR {{a $0001} (b $0001)))
{and . . ' ($0001 VAR nil}}y) o
(not {egual [graph-node~class v) *variable*)) (setq gl3 (pz:mt >graph f ({50000 VAR {{a 50001} (b 50002}))
_ (not {null {graph-node-arcs u))))} {50001 4 nil) - '
] {return *failr)) . . ] (50002 4 nil))}} o
{setg w (mf-union u v)} ‘ (setg gl4 (print->graph ’ ({50000 VAR ({a $0001} (b $0002}})
{setf (graph—node—class w} naewclass) {$000L 4 nil)
(if {eq w v) S : . ) {$0002 5 nil}I N}
(carry-labels u v)
(carry-labals v u)} - . . r: {graph—unify g1z gl3) -—> {{a 4) (b 4))
(mapc #7 {lambda (1) ) )
- {push (céns (graph——node—subnode u 1} ’ " ;: {graph-unify gl12 gi4) -—-> FAIL
{graph~node=subnode v 1)} pairs}) ’ -
(:Lntersect:.on {graph-node—arc-labels u) ) i (graph »>print {graph-unify g12 q13}) -3 o
(graph—-node-arc=labels v}}}))} iz ((50000 VAR ((a $0001) (b $0001) (50001 4 nil)}

i

ii

. is WATURAL LANGUJ\GE EXAMPLE
Examples - - o . ' P

X

~a wy v s e

.- wE v wp w

) ) : . . . ‘{defvar r;'p-graph.)
(defvar gl) 7 . . o . CL ' o E : : (d'ef‘frar vp=graph)

{(defvar g2) ' : o . - . . {defvar constituents)
{defvar g3) : ' : {defvar s-to~np-vp-rule)’
(defvar gay = ’ : L : : Lo
. {defvar g5} ) - . . o ;: Graph representing the noun phrase "the man™. The category arc has
{defvar g6} ) ) : ’ ;¢ the value NP, and the head are¢ contains infermation about determiner,
{defvar g':'l} - ;; root, -and agreement.
- {defvar gB} .
{defvar g9} ’ ) ' {setg np-graph (print->graph )
{defvar glo} ‘ ) : . ' {{50001 VAR. (({category 50002) {head $0003)}})

{defvar gl1} . : o o ' ) {50002 NP nil)
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: GENERIC DOMAIN
"generic, lisp”

. “ l — - ) : —————

This file ¢an be used as a template to ¢reate new demains. To create your own
domain, £ill in the fuonctions below, adding whatever auxlliary functions are
necessary. The funétions are:

(goal~state? 3) t-if 8 iz a goal state

{eg-states &1 's2) ‘are 8l and s2- equail?
" lexpand s} . . suceéssor. gtatss of s

{hash-state 's) - . some has-valud for s

{print-state 's) print function

‘(destroy-state s} dispose of state structure

(heuristic.si heuristic distance between 3 and the goal
© {(generate~problem) randomly generated start-state
(¢ost-of-move sl 52) cost of moving from sl te s2

The impoxtant variables are:

*sample initial—state* :
*goaldstate* -

These funct:ons and variables can all be called from an outside search program.
In fact, these are the functions calied by ouz implementations of depth- firat,
breadth=first, hill—cllmblng, A* DFID, IDA*, and RTA* search.

For,éxamplqzdomains; see "n —puzzle lisp and "txavel lisp™.

;' Variable *INFINITY* will be used #s the largest possible number.
H MOST—POSITIVE—FIKNUM is a Lisp symbol that provides it.

H
v

{defvar.*1nfinity*.mo;thpositiveffixnum)_
. - _‘\

-Var;abla *SAMPLE INITIAL—-STATE* - holds a sample initial state.
(defvax *sample~1n1t1a1 statae*)
;7 Variable *GOAL-STATE* holds a goal state. This can be nil if thexe is no
#F unigue-goal'state.

{defvar'*gpaIQState*)

3

(sétq *sample~initial-state* nil)

Pr - T
;5 Functions reguired by search ‘programs in any domain,
+i Function GOAL-STATE? re&turns t iff s is a goal state,
{Gafun goal-state? {s)
nil)
;;VFunction.EQ—SfATEs returns t iff 51 and 82 are the same state:
{defun eq—states (g8l s2)

nil}

;1 Function EXPAND takes a state and returns all possikble successor states,
{dafun expand {a)
nilk)

3} Fumction PRINT-STATE prints a state.

{defun print—stata (s Srest ignore)
(declare (ignore ignore)) .
nil)

Function HEURISTIG proV1des a2 numerical estiinate of the dlfficulty of
réacliing a geoal state from s. The higher the est;mate, the more .difficulty.

Fi
ir

. {deéfin heuristic {s)

nil)

77 Function GENERATE-PROBLEM retuins a randomly generated start state.
{defun Qenerate—problem:{)
nil)
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rztomic-negation icémplex-negation))
{(*MULT# (if (atom {cadr t1}) .
iatomic-multipla-value icomplex-multiple-value} )
(ctherwise :complex}))y} .. .

Function TREE->GRAPH

Takes a-tree in 1list format and returns
a dag-structure. The structure will of course have no reentrancy.

e e w

-y
?
7
:
i

(defun tree=>graph - (t1)
(let {(k {graph~node~type t1))} .
{cond ((member k (list :atomic catomic-disjunction
‘ iatomic-negation {atomic-multiple-valua))
{ereate-graph-nodé :class tl :arcs nil})
({eg k :icomplex) 7 .
" {let . ((n (create~graph-node iclass *variable* :arcs nil)))
[mape #f (lambda (a)
{add-arc-in-order n
" (create-arc
tlabel {car a}
:destination (tree->graph (cadr arny
ot ’
) n})
{{eg k .zcomplex-dis junetion)
{create-graph-node :class *variable*
. jarcs (cons ‘*ORY .

e . : fedr t1))3)}
({eq k :complex-hegation)
‘{create-graph-node :clags *variable*
- . tarcs {cons #*NOT*
v (mapcar #' (lambda (n) {tree->graph n))
o . (edr t1)}}}} :
({eq k :complex-multiple-value)
{create-graph-node :¢lass *variablet
rarcs {(cons f*MULT*
(mapcar #/ {lambda (n) {tree->graph n))
(edr t1)31310 00

‘Function GRAPH->PRINT

Takes a dag-stricture and return§ a dag coded in list format.
For each nede in the dag-structure, there iz a corresponding eliement
in the list. Each element has the form:

(<node~variablex <nede=-¢lass> <node-gubncdesy>)

The order of elements Gorrespondi to tha order of a depth~first
traversal of the dag-structure. JIf the arcs of the nodes are

ordsred lexicographically, each dag-structure will have a well-defined
canorilecal list-format code.

T NE e e W %e e ap ey
TEONE A Ne e W e w e

e

~
.

(defun graph->print (d)
(let {(n (ricdes-in-graph d)}) ) _ oL
mapc #f {lanbda (nl dv) (setf {graph-nede~mark nl) (List dv))}
: n *dag-variables#*} = . : )
{mapc #' {lambda [§3] .
. " {setf (graph-node=mark P)
{append - )

{graph-nede=mark p)

(list (graph-node-class p))

{list

{mapcar -

{mapoar #'(lambda (n} {tree->graph n}}

TN e v v
L T

b

#" (lambda {a)
{list {arc~label a) | :
(car (graph-node-mark {érc—destinatidn-a)))))
{graph~node-ares p}}}})) .
n) .
{mapcar #’graphl~nede-mark n}))

Function PRIAT->GRAPH

Takes a 'dag coded in list format and returns a dag-structure.
(The 1list format code described above is decodsd back into a
structure}. This function orders the arcs leaving a node
lexicographicaliy, so that  exactly the same structure will appear
no matter how many timés it is coded and decoded.

{dafun print—>§raph {dp)

LT

.y e

N e me w

{

S e e v e Ne

e W

{let {{n (mapcar #' {lambda (nl} {(create-graph-node :mark nlly dp) )
(mapc #° (lambda (p} . _ o
(setf (graph-node-mfset pj nilj
(setf '{graph-node-class p) (sacond {graph-node-mark p)})
{mapc P
#' (lambda {a}
' ‘{add-arc-in-order .p
' (create-are . |
‘tlabel (first a)
:destination
. {find (second a) n
tkay’ .
" #' {lambda {x) {(car (graph-node-mark EIRRB RN
(third {graph-node-mark p}}}} B o )
)
(ear n)})

DAG-MFSET

Y
v v

This section contains functions For performing disjoint set operations
on dag nodes. .

Function MF-ROOT-CLASS?

e

Takes 2 node and returns T if the node is the root of its equivalencs
class tree. .

~ ne

defun mf-root-clags? {m} (1istp {(graph-node-mfset n))}'
Function MF—FIND

Performs the FIND opexation for UNION-FIND disjeint sets, Given

2 node in a dag-structure, it returns ancther ‘nede, namely the root
of the equivalence ¢lass tree for the input neode. After the FIND,
the tree is made more shallow by adjustment of pointers to the root,

v e e e s

(dafun mf-find (x)

?

“{do ({ql mnil) (t1 x)it

((mf-root-class?. tl) o . ; do péth compression
{progn () : o
“{mape #7 (lambda {n) (setf (graph-node<mfset n)} t1)) ql)

£1)) -
{push £l qly - : .
{setq t1 (graph-node-mfsat t1))))

: Function MF=UNION
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{if - (mf-roct-glass? nj
{mapcar #'graph-node-mark {graph-node-mfset n))
{graph=node-mark (graph-node-mfsat n})))
(setf {graph-node-arcs (graph-node-mark n)}
Amapéar #f {lambda (a)
‘(create-are
ilabel {arc- label a)
-'deatlnatlon
’({grapli~node~mark (arc—destlnatlon a))))
(graph—node—arcs n}l))

graphﬁunifynlisé

. 'nl} -
(graphnnode-mark node)])

HFS ACCESSORS

{defun graph-nodewarc (node'label)
{find label {(graph-node-arcs node)
they #' {lambda {a) {arc-labal a))))

(dafun grabh—ndde-auhnode {node ladel}
(arc-destination (graph-node-arc node labkal)))

defun graph—node?arc—labels (node}
{mapcar #7arc=label  (graph~node-arcs node)))

. : MODIFIERS T _ ' S ' -

defun add-arc (node ake)”’
(unless (graph-node— arc node {arc-label arc))
{push arc {graph*nodn*arcs nede) }})

ldafun dd-are- ln—order {node arc}
(unless {graph-node—-arc node (arc-label arc}))
(setf (graph-node-arcs noda)
(merge ‘list (list arc) {graph-node-arcs node}
#'{lambda (x y) . (string< {string (arc-label %)}
: {string (arc-label y)}})))))

DAG—FNS

> Na.ma
T v

# This section contains vaflous functions over dag structures.

Fuhction MARK-GRAPH

TR

Takes a root node of a graph and a marker. Sets the mark field of
‘every node in theé graph equal to the marker. Uses a gensym’d
temporary marker name.

Y

defun mark-graph (node mark) Y
| {let {{marker (gensym "MARKER~"}))

I {mark-graph=1' ncde. marker) -
(mark—graphul hode mark])}

ﬂefun mark~graphf1 Inodavsym)

{when.(not (eq {graph-node-mark node} sym)}

- (setf (graph-node-mark node} aym)

| {mapc #’ (lambda (a) {mark-graph-1 {arc-destinatiocn a) sym))
: . © . {graph—node<arcs node)})})

B

Function DEPTH-FIRSY=-TRAVERSAL

“w e e e wr e

- we

;
B

Takes a root nede of a graph and returns a list of nodes in the
;7 graph.. Assumes that all nodes begin with MARK = NIL.

(defun depth-first-traversal (node)
(setf- {graph-nodeé-mark node) t) :
{eond {{null {graph-nede-arcy node}) {kist nodae))
{t {(cons node
(mapcan #’(lambda An)
(if {(null: (graph node-mark n))
L _ {depth-first=- traversal n)
B . nil)}
: . (mapcar #’arc-destination
{grapli-node—arcs node)) i)}

.~

Function NODES-IN-GRAPH

Takes a root node of a graph and returns a list of all nodes in-
the graph. Uses a standard marking procedure to avoid traversing the
same portion of the graph more than ohge,

v W W

(defun nodes-in~graph (node)
{mark-graph node nil)
_(depth—first—txavers;l node) }

DAG-PRINT

e Ne e
v g
. ve e

77 This section contains. functions to read and write .arbitrary graphs,
#i Graphs are coded as 1ists with variables to mark resntrancy: ' Thus,
;2 graph structures .can effectlvely (1) be printed on the the screen,
;; dnd {2) be written to files and read back in. .

{defvar *dag-variables* o ' :
* ($0000 $00601 $0002 $0003 $0004 $0005 $0006 $0007 50008 $0009
" $0010 $0011 $0012 $0013 $0014 $0015 50016 $0017 £0018 $0019
50020 §0021 $0022 50023 $0024 $0025 §0026 50027 $0028° $0029
$0030 $003%1-$0032 50033 §0034 $0035 §0036 $0037 $0038 $0039
$0040 50041 $0042- §0043 $0044 50045 50046 $0047 $0048 50049
50050 $0051 $0052 $0053 $0054 $0055 §S0056 $0057 $0058 $0059])

Function GRAPH—?TREE

7; Takes a. dag-struicture and returns a tree in list Format. Toses
i 7 reentrancy of dag_(copies are macde) .

(defun graph- >tree {d)
(cond {{nuil {graph-node—arcs d)} {graph-noda=~class d})
(t (mapcar §’ {lambda (a) (list (arc=iabel a)
(graph->tree (arc-deatlnation a)))}
(graph—node~arcs d)))))

Funé¢tion GRABH-NODE-TYPE
Return the type of an graph node stored in tree (s~expression) format,

(defun graph-node-type (ti)
{cond {(atom tl} :itomic)
{t {case (car tl)’
{*OR* ({if (atom {[cadr tl}) .
tatomic-disjunction :complex-disjunction))
(*NOT* (if (atom (cadr tl)} : C
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#

Artlflc1al Intelligence, Second Edition
Elaine Rich and Kevin Knlght
MeGraw Hill; 1991

. This code may be freely copied and used for educational or research purposes.
All software written by Kevin Knight.
Comments, bugs; improvements to knight@cs.cmu. edu
- - - —————— 1

#1

HILL-CLIMBING SEARCH
fhill,lisp™

Function HILL-CLIMBING performs steepest-ascent hill climbing search.

It either returns a solution path from start to 'goal, or it gets stuck
in. a tocal minimum. This version of hill-climbing deoes not do any
backtracking te extricate itself from a local minimum —— it simply halts.

n w e W

v v e

{defun hill=climbing {start Loptional verbose)
(do ({current-state start)
.{solution-path (list start))
(minimum-reached nil))
{minimam-reached
{if (goal-state? current-state)
(nzeverse solutlon-path)
"Stuck in local-minimam."})
. {when verbose (format t "Expanding stdte ~d~%" current—state))
{1et*'({suqcs (expand current-state)) )
{bast-succ (chocose-best succs)}}
{cond {{< (heuristic best-succ}
(heuristic current-state)})
(sétq current-state best-succ)
" (setg solutlon-path {cons current-state solution-path)}}
(t
(setg minlmum—reached AR ERE!

; Funstion CHOOSE- BEST returns -the member of SUCCESSORS with the lowest
; heuristic score, i.e,, the state deemdd closest to goal,

(defun chdose-beat (successorsy
{do ((# suvccesscrs {cdr s})
(best-sute nil) :
(best-scora *infinity+))
((null s) best-suce)
{let {(succ {car 3))}
(when ‘(< (heuristic succ)
best-scora)
(setq. best—suce sucg)
{setq best-score {beuristic suce))})))
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(50003 VAR ((det $0004) (root $0005) [agreament $0006)))

{$0004 the nil) ' : .

{$0005 man nil) .

($0006'singu;ar nii)ih)

;i Graph representing the verb phrase "kills bugs™.

{setqg vp-graph (print->graph .

. f {30007 VAR ((category $OOOB) {head $0009)))
{$0008 VP nil)
. {50008 VAR ((root $001Q) {tense $0011) .

- |agreemsnt 50012) (object 50013)))

160010 kill nil)
($0011. present nil)
(50012 singular ‘nii}. - : o
{$0013 VAR {(¢ategery $0014) (head $0015)))
{s0014 WP nil) :
{$0015 VAR.((root $001G) {agreement 500173} )
{50016 bug nil)
150017 plural nil))))

77 Graph tying NP-GRAPH and VP-GRAPH into a single constituent graph with
7 arcs labaled CONSTIT1 and CONSTITZ.

(setg. constituaents .
{create-graph-node :axcs {list (creaté—aré flabal 'constitl
: " idestination np- graph}
{create-arc tlabel ‘gonstit2
idestination vp—graph))))

EE Grapﬁ feprésenfing the augnented context-frae grammar rule $§ -> NP VF,
77 enforcing subject-cbject number agreement, and buildlng the resulting
7+ structure for a sentence.

(setq s~to-np-vp-rule (print->graph .
r{($0060 VAR {{constitl $000}) (constit2 $0002). (build $0003}})
. [$0001 VAR ({category $0004) (head 50007))})
($0002_VAR t(category $0005) {(head $0008)))}
({$0003 VAR ((catagory $0005) {head $0008))) -
(50004 WP 'nily - ) i )
(50005 vP nil)-
(50006 -5 nil)
(50007 VAR ((agzeément $0009))) =
{50008 VAR ((subject 50007 {agreament $0009) {mood $0010)))
(50009 VAR nil)-
{0010 declarative nil))}))

i- Unify rule with constituents...

LINETER
N o

‘.(graph—unify s-to-np-vp-rule constitugnts).

- A )
77 Unify rule with gonstituents, and retrieve result,..

7 {graph-unify -s-to-np-vp-rule constituents) -

LR

v W e e S

i ({BUILD
" { (CATEGORY &)
(HEAD _ L ‘
((TENSE PRESENT) (ROOT KILL)
{DBJECT :
( (CATEGORY NP) (HEAD . ((AGREEMENT PLURAL) (ROOT BUG)))))

R A TR

ii (graph-nodeuaubhods-(ggapﬁ-uﬁify,s—to—nvap4rule.constituents) ’build) -

7
i

;

I

i

P R . T

R A T

:
7
i
H

;

;
H
i
M
.
H
V
i

H
.
7
H
H
.
7
;
3
V
H

(AGREEMENT SINGULAR) (MOOD DECLARATIVE)
(SUBJECT ({ROOT MAN} (DET THE) (AGREEMENT SINGULAR))}))))
(CONSTITL : : .
((CATEGDRY NP) ({HEAD {(ROOT MAN) (DET THE) (AGREEMENT SINGULAR)J}))’
{CONSTIT2 :
{ (CATEGORY VP)
(HEAD ‘ )
({TENSE PRESENT) (ROOT KILL)
(OBJECT - :
( (CATEGORY NP} (HEAD [ (AGREEMENT PLURAL) (ROOT BUG))) )}
{AGREEMENT SINGYLAR) (MOOD DECLARATIVE) o
(SUBJECT ((ROQT MAN} (DET THE) (AGREEMENT SINGULAR)}))))))

: (grépﬁéhode—subnbdg {graph-unify s-to-np-vp-rule constituents) ‘build) ->

{ {CATEGORY S)
(HEAD
{{TENSE PRESENT) (ROOT KILL) B
 {OBJECT ((CATEGORY NP) (HEAD . {(AGREEMENT PLURAL) {(ROOT BUG)))))
(AGREEMENT SINGULAR) {MOCD DECLARATIVE)
(SUBJECT {(ROOT MAN) (DET 'THE}. (AGREEMENT, SINGULAR))J)))
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#1 - s ; -—
Artificial Intelllgence, Second Edition

Elaine 'Richk and Kavin Enight

McGraw Hiil, 1991

This code mey be freely copled and used for educational or research purposes.
All software written by Kevin Knight.
Comments, bugs, improvements to knightlcs.cmu.edu

__________________________ . B l ﬂ
E 2 Rabatlatd - Sminte

HOPFIELD NETWORKS -

"hopfield.lisp”

I —— ) i . s . e
R - : e e ——
;7 Structure HOPNET defines a Hopfield network, It consists of a number of
57 units, a set of activations. {a 1-d matrlx), and a set of connections
;ro(a 2-d matrix).

{defstruct hopnet
size
,activations
‘connecticna)

#1 Variable *SAMPLE-NET* represents the network shown on page 490 of
+: Artificial Intelligence.

{defvar *SAMPLE~NET* nil)

{setg *SAMPLE-NET* -
- {make-hopnret
isize 7
ractivations {make-array 7
tinitial-contents (0 1 0 0 1 o 0}
1connections (make—array ’(T -
rinitial-contents
) 40 =11 -1 0 0 9}
(=10 0300 0)
Lo ~1210 0}
(=13 -100-223
(0o20010
(001 =210 -1}
{0.003 06 =10)1)))

7 Function PUT NET-INTO~-RANDOM-STATE scrambles the activation levels of the
; units in a network. .

{defun put=net-into-random-state (net)
{let {(isize {hopnet-size net)) .
{activations (hopnet-act;vations net))]
{dotimes (i size}
(eetf {aref activations 1):(:andom 20
(hophet-activations net)})

iz Function SETTTLE implements Hopfield’s algorithm for letting a network
ii settle into a stable state, -

[defun settle . {net epochs)
{let {{size {hopnet-size net))

{activations (hopnet-activations net))
{coninections (hcpnet-connections net)))
(dotimas {e {1+ epochs))
(format t "Epoch ~4d: " e)
{print-activations net}
{let ({u {(random size})
{welghted-input 0}}-
{dotimes (i size)
{setqg weighted-input
’ i+ weighted input (* {(aref activations i}

{cond ({> welghted-input 0)

{aref (hopnet-cgnnections net) H i]))))

{setf {aref activations u) 1}}

(t

(aetf {aref activatlona u) 0))¥NNi}

#; Function PRINT-ACTIVATIDNSVp:ints the activation levels of the units,

{defun print—acti#ations {net)
(dotimes (i (hopnet-size net)}

{format 't "~247
{(format t "~%7}) .

(aref.(hppnet—activationﬁ net} i)))
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. MINIMAX SEARCH
"minimax.lisp"
¥
El-
_Minimax game playing,
This file contains functions fer doing game-playing search. This
.. pProgram will play any game for which the following fupctions and
" varisbles are deflned:
{print-board b}
{méovegen pos player)
{oppesite player)
(static pos player)
(won? pos player) . -
{drawn? pos) .
{deep-enouyh pos depth)
{Maka-move pos player move)
*startx :
These functions are implemented for.tic—tac—toe in the file
_“tictactog.lisp“.
- - - =1 #

; Function MINIMAX performs minimax search from a glven position (pos),
;i to a given search ply (depth), for a given player (player). It returns
a list of board positions representing what it sees as the begt noves for
i both players. The first element of the list is the value of the board
i position after the proposed move.

- .

H
;
H
;
;

(defun make-str {a b) (1ist a b)) : ‘ .
fdafun value (sﬁr) (car str))
" {defun path (str) {cadr str)}

. f{defun next-move. (str} fcar {path str)))

(defun minimax. (pos depth player}
(cond {(deep-enough peos depth)
' {make-str (static pos player) nili}
{t
(let ((successdérs {movegén pos playek))
(bast-score -99299)
{best-path mil))
(cond {(null successors) {make-str (static pos player) nil)}
(t S

{do ({s successors (cdt s)})

{{null s))
{let* {(succ {car =)} .
. {result-suce (minimax succ‘{1+ depth)

{opposite player))})
(new-value (- {value result=succ))))
{when {> new-value best-score}
{setqg best-score new-value) ) . =
(setq best-path (cons succ {path rasult-sucel)))})
{make-str best-score best-path}))})))

;¢ Function MINIMAX-A-B performs minimax search with alpha-beta pruning.
#i It is far more efficient than MINIMAX.
{defun ﬁipimax-aHb {pes depth playér)

(minimax-a-b-1 pos depth player 99999 ~09996})

{defun minimax-a-b-1 {pos depth player use-thrash pass-thresh)
{cond ({deep-encugh pos depth)
{make~str (static pos player) nil)}
it .
{let {(successors (movegen pos player))
{best-path nil})) . T .
{cond {(null successors} (make—str (static pos player) nil)}
£ ' ' '
(de {{s successors {cdr s)} (quit nil))
{(oxr quit (null a})}
{let* ({succ (car s))
{result-succ {minimax-a=b-1 succ {1+ depth)
. {opposite player)
(= pass-thrash)
. . (- use-thresh)}))
{new-value (- (value rasult-succ)}}) K
{whan (> mew-value pass—-thrash)
{setq pass-thrésh new-valie)
{setq best-path (cons succ {path result-succ))))
(when {>= pass~thresh use=thresh) (setq quit t))}}
{make-str- pass—thresh bBest-path))))}))

#: Function PLAY allows you to play a game against the computer. Call (play)
F; if you want to move first, or (play £) to let the computer move first,

{defun play {&optional machine-firstz)
{let ({b *start#)) )
© (wheh machine-first?
flet ({ml (minimax-a-b b 0 ’0)))

(setg b (next-move mi}))}

{do - (} ’ .

(lor {won?-b 'x) (won? b ’o)} {drawn? by
(format t "Final position: ~%")
{print=bodrd b} ' .

{when {won? b o} (format t "I .win,~%"))
(whan (won? b ’x) (format t "Yoéu win.~%"})
(when {drawn? b) (format t "Drawn,~%")))
{print-board b) ’ ;
(format t "Your move: ")
{let {{m (- (read) 1))}
{setq b (make-move b ‘x m})
{when {(not (drawn? b))
{print-board b) .
{let {({ml (minimax-a-b b O ‘o))
{setq b (next-move ml)) -
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"Epechs} ’ 500

‘test after avery N epochs: 10
Learning rate {eta): 0.35
Momentum (alphal ’ 0.%0

. Noisa?: : Q

Training data; life.train

Testing data: - 1ife.test
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Artificial Intelligence, Second Edition ’
Elaine Rich and Kevin Knight
McGraw Hiil, 1991

This code may ‘be freely copied and used for educatxanal or research purposes.
ALY software written by Kevin Knight.
Comments, bugs, improvements to knightfcs.cmu.edu

: -4

. ; : ‘ ‘ : _—
N-PUZZLE DOMAIN
"n-puzzle.lLisp”

- - #

KT e - : ——

This file contains code for the n—phzzle search problem.
The important functions are (s, sl and g2 are states):

(goal-state? s) ‘ t if 9 is a goal state

{eg=-states sl s2) are sl and 22 equal?

(expand s) successor states of s

{hash-stata s) some has value for s -
{print—state s) B} print function

(destroy~state s) . dispose of state structure
. (heuristic s) . heur;stlc_dlstance between s. and the goal
{generate-problam) . randomly generated start-state
(c#nve:t—list—toéstate g) - function for creating states.

{eost—of-move sl 32} - . always returns 1
The - important variablés-ate:

“*gample=initial-state#*
*goal-statek

These functions and variables can all he called from an outside'dEEICh program.
In fack, these are the functions called by our 1mplementat10ns of depth-first,
breadth-first, hill- cllmblng, A*, DFID, IDA*, and RTA* search.

R4

# Variable *INFINITY* will be used as the largest possible number.
; MOST-POSITIVE-FIXNUM is a Lisp symbol that provides it.

i
F

(defvar *infiniky* most-positive—fixnum)

PP AR : o s T

;% Variable *GOAL-~STATE* is a standard geal configuration: tiles ordered, .

:: blank in the upper-left hand corner,

‘{defvar *goal-state* ail)

;i Variable *PUZZLE-SIZE* gives the size of the puzzle along ¢na dimension.
;; The B-puzzle has size 3, the 15-puzzle has size 4, and the 24—puzzle

:r has size 5.

{defvar *puzzle-size* nil}
{setq *puzzle-size* 3) ~

;i Variable *PUZZLE-TILES* is *PUZELE-SIZE* squared.

{defvar *puzzle-tilest* nil}

(setqg *puzzle-tiles* (* *puzzle—size*'*éuzzle—size*))

-#7 Variable *BLANK-TILE* represents the empty position in'tﬁe puzzle.

(defvar *blank-tile* nil).
{setyq *blank-tile* 0)

H Varlable *FREE~STATES* is used for memory management It is a list of
; no leonger needed states. . .

{defvar *free-statas* nil)’

H - - - "

; Btructure PUZZLE-STATE stores a particular state of the puzzle, It

i stores tweo distinct but equivalent representations. The first (board)

i is a two-dimensional array, each element of which is a tile repressnted by.
; its number (0 being blank). The secend representation consists of two

; arrays. (rcoerd/ycoord). Each array.is indexed by the tile number and )
# gives the coordinate of that tile. Thus, it is easy to find out what tile .
; is located at position (x,y) and it is also easy to find out the position
; Oof a particular tile. Position {0,0) is the left lower side of the board,

{defstruct (puzzle—state {sprint-function print-stata))
board
_ xeoords
ycoords)

Function MAKE-STATE.créates an empty. state.

I
[

{defun make—-state"{)
(make—puzzle-state : :
..board (make-array’ (list *puzzle-size* *puzzle 3129*)
telement-type ‘dinteger}

sxcoorda . {make-array -*puzile-tiles*
ielemant-type ’integer)

ty¢oords (make-array *puzzle=tilest
ielement-type ‘integer)))

Function CREATE-STATE returns a new state, edther by retrieving cne £rom
*FREE-STATES*, or by calllng MAKE~STATE.

Function DESTROY-STATE adds a state to *FREE-STATES*, sc that it is
available whanavar we need a state structure,

R
e e e e

{dafun cieate-state {) .
{cond {{null *froe- states*) (make-state))
{t (let {(s {car *free-states*)})
{setq *free-states* (cdr *free-statest))
s}yl

(defun destroy- state (s)
(setq *free-states* {cons s *free-— statns*]]]

Function TILE-NUMBER takes a state and a pair of (x,y)'cbordinates, and
returns the tile number of the tile located there (0 if hlank).

‘Functlens XCOORD, YCUOORD take a state znd a tile number, and return
coordinate locationd of .the tile. '

e N % e wa e N
R L

Functions SET-TILE-NUMBER, SET-XCOORD, and SET-YCOORD modify a state
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{if (and {not {draun? b))
{not " {won? b fe}))
(format t "My move: ~%"}))))}))
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" I" {let* {{p {car pairs-te-resoive))

(resolvents (resolve C
“Artificial. Intellignnce, Second Edition ° (setq pairs— to—résolve (Cé;a;aii5£€:f§6521i;))
Elaine Rich and Kevin Knight i ) ' {dolist {r resolvents)
McGraw Hill, 1991 . . ) {setg paira-to-resolve
: {append pairs-to-resolve
This code may ba freely copied and used fof educatiocnal or research Purposes. (mapear 47 (lambda (x} (List x i);
All software written by Kevin Knight. ‘efaxioms) )
Comment's, bugs, improvnments to knight@cs. cmu.edu [setq cf~axioms (cons r cf-axioms)})
-—=|# {when (nember nil cf-axioms)
bims . ' . (setq succeasas cf-axioms}}))))
PROPOSITIONAL RESOLUTION 37 Functieén RESOLVE returns all ways of resolving twe clauses that remove
"resolve,lisp" #: literals. -
————— 18 )
: : . : (dafun resolve {x1 x2)
iPp e . : m = —Hm——— : {let ({r nily
¢ Variable *aXIOMS* holds the list of axioms in clause form. For example, (dolist {elt x1}
## the axioms below should be read: B ’ ) (when (and (atom elt)
. . ; ] . . . (member (list ‘not elit) x2 :test #'equaly)
i p . ) : (setq v {cons (append (remove elt %1}
s -p \/ ~g A/ x : ) {remave {list 'not elt) #2
73 =3 \/ g - - 3 itest #'equal))
i ~t \/ ql ' =
iz t : : : . . {dolist (elt x2)
Iy " {when {and {atom elt) .
i as in the example on page 150 of the text, : . : (membar (1ist ‘not. alt) xl :test #'equal))
: o ) : (setq © {cons (append (remove elt x2)-
(derar taXloms*) . - B . : ’ S . o : ; (remove (list ‘not elt). x1
. . o . ) : - : 'test # equal}}
‘(setq *axioms# R L - S . . XY
Celpy N ' ' ' ) '
{{not p] {not g) x} . - :
{(not s) gy . S . : - ’ - " - (defun’ convert~to—clause-form (x)
({not £) q). : O : {cond ((eq {car x) "not) (list x)) N

Aehyy B ' R (£ 2}

Function PROVE attempts to prove a statement using proposztzonal resclution,
It adds the negation of the statement to the axioms and tries to find a
. contradiction, It keeps a list of all axioms and inferred facts. Every
time it finds a new fact, it pairs that fact with all other kuown facts

‘and adds’ thie pairs ko the end of pairs-to-reselve. If a pair of facts

ever rasolve to an ampty clause (contradictien), tien the program halts

and returns the list of all known facts. If pairs—to—resolve is exhausted,
then the program refurzns nil, as a sign that the proof could not be

carried ocut.

~

- Example:

o e

LR S
MeOME s v e % e e wa W

{prove fr) ->

(T} ((NOT T} Q) - ((NOT 5) Q) ((NOT'P) (NOT Q) R) (P} ({NOT R))
({NOT P} (NOT Q)} ({NOT Q) R} {{NOT 8) (NOT P) R)

({NOT T) (NOT P) R} (Q) ((NOT Q) {{NOT 8) (NOT P}}

((NOT T} (NOT P)) ((NOT Q}} ({NOT 5) R} ((NGT T} R)

{{NOT S (NOT P)) ((NWOT $) R) ((NOT T) {(NOT P}) ({NOT 7) R}
((NOT P) R} (R) {(NOT P}} ((NOT P) R} WIL) :

LT T P PO
L e TG THE M

T me wa
v e e

_(dafun proeve {statament}
(let#* ((new—axloms (*ons {if (consp statnment)
{tadr statemnnt)
{list fnet statement))
*ax;oms*])
{cf-axioma {mapcar #’convert—to—clause—form new-axioms})
(pairs~to~rescive
{do ((c cf-axioms (¢dr <))
(p nil))
{(null (cdr ¢)) p}
(3etqg p (append p (mapear #' (lambda (x)
{list {car c) x))
{cdr &)1 0) 0}

“{da- ((ﬂuccess nils} 5
- {({or (null pairs-to-— resolvn) Fuecess)
(nrevarsae gsuscess))
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" o L
Artificial Intelligence, Second Edition

- ‘Elaine Rich and Kevim Knight

MoGraw Hill, 1991

This code may be freely copied and used for educational or research purposes.
‘All software wrltten by Kevin Knight.

Comments, bugs, improvements to knightfcs.cmu.adu- .
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#

RTA~STAR SEARCH
- o - . "rta.lisp™

Structure RTANODE contalns 1nformation for a single search node for RTA*,
It records the pro;ected dlstance to the goal (h}, the distance so far

from the start table {g) - and the immediate predecessor of the node
{parent) .

LR
CYrYS

e A
- e

(defstruct rta-node

h

g

parent)
i -
i Constant *HIGHEST—STATIC—VALUE* is used to initial;ze a variable to find
+: the best successor of a nede,

‘(defconstént *highest-static-value* *infinity*)

;; Variable *VISITED-STATES* is the hash table used by RTA* to remember
“#4 the states it has passed through.

{defvar *visited-states* nil)
{setq *visited-statés* (make~array *hash- “table-size*))
'(defconstant *hash~table-size* 4000)

Variable *NUMBER~CF-STEPS-TAKEN* counts the number of real-time moves

; made by RTA*'duriﬁg a search. Bacause RTA* can return to a previously
visited state {looping), *NUMBER-OF~STEPS-TAKEN* may be larger than the

© numbér of steps in the'solutidén path that is returned.

L ]
v e we

{defvar *nqmber—o:-steps-takeﬁ* nil)

Function RTIA-STAR searcheé for a solution path from start to goal, The "
third parameter, horizon, tells RTA* how many moves it may look ahead
locally before deciding on.an dction to take.. The longer the horizon,
the shorter the solution path will be; however, ‘because the search is
exponential, shorter paths may take longer to compute.

e e
. ne e

-~
- N

_ (defun rta-star (start horizon &optional verﬁose)
" (e¢leaar—hash)
(setq *number—af- stnps taken* Q)
{de {(node start) {prev nil)) -
{{goual-state? node)
{adjust~parent=peointers prev nede)
" {extract-rta-path node))

(adjust-parent-pointers prev node}
{setq prev node)
{sety node. {best-local-step nede horizon))
{when verbose
{format t "~ -4dr h = ~2d. Move to ~de%T *number-of-steps—taken*
(heuristic node) node}):
(setq *number—of—steps—taken* (1+ *nunber-eof-ateps—taken*)}))

7 Function EXTRACT-RTA-PATH returns a solution path by following parent
;; pointers from the geal state to the start state.

{defun extractﬁrta-path {nede)
{de {{n node (get-rta-parent n})
{path nil})
{{null n) path)
(satq path (cons- n path))))

Function ADJUSTuPARENT POINTERS is called by RTA-STAR after each nove

is made. If the’ move was to a node already in the table, its parent -
peinter is left undxstu;bed. otherwise its parent pointer is set to the
state before the move was made. Thus, a chain of parent pointers will not
inelude any locps, and RTA-STAR will keep track of the shortest path from
the start state tc each of the states in the table.

R T
L T VT

{defun adjust-parent-pointers (prev ﬁode)
{cond ({ntll prev)

{set-rta-g node 0)

{set-rta-parent node nii))

(t

{let ‘({possible-new-g (+ (cost-of-move prev: node)

' . {get-rta-g prev))))
{when’ (er {null {gat—rta—g node}) - .
(< possible—-new-g (get—rta—g node) )

{set-rta~-g node possible-new-gj
(set-rta-parant nede prev)})i))}

HH :
;7 Function CLEAR-HASH clears the table of visited states.

{defun clear-hash {)
(dotimes {x *hash- table-sizn*)
(setf {aref *visited-states* x} nil)}}

;; Function INSERT- TABLE-ENTRY inserts an rta-nede into the table o&f vislted
:; states. The hash key is$ the state itseif.

(defun ingert-table-entxy (s value)
{let* {{hash-val {mod (hash-state 8) *hash~table-size’})
{p (assoc & (aref *v1sited-states* hash-val) :test #’eg-states)))
{ceond {(null p)
(satf (aref *visited-states* hash-val)
(cons " {¢cons s value)
{aref *visited-states* hash-val)))}
{t ’ : '
{setf {cdr p) valuel}}))

HH Function GET—TABLE-ENTRY retrievns from thg hash table the rtaanode
H associated wlth state 8.
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(defun_ggt—table—ent;y (s}

{cdr (asboqlaftaref'*visited~atates* (mod (hash-state s) *hash~table-size*})
ttest #'eq-states)))

P e —
i Functions- GET-RTA-G, GET-RTA-H, and GET-RTA-PARENT access fields of an
i rta-node- associatéd with a state 5.

;i Functions . SET-RTA-G, SET-RTA-H, and SET-RTA~PARENT modify those fields,

;
H

(defun get-rta-g (s) .
{let ((eéntry ‘(get-table-entry a)})
(if" {null entry) nil (rta-nodefg entry) )

(defun!gééﬂrta—h—(s)
(let f(entry (get—table—entry s )N
(if {hull entry) nil (rta-node-h entry}) )

kdefuﬁ get-rta-parent (s)
(let {{entry (get-table-entzy s)))
.'(if (null entry) nil {rta-node-parent entry))))

- {defun set-rta-g (s val)
{let {({entry (get-table-entry s))) . .
{cond . ({null entry) (insezt—table—entry 8 (make-rta-node :g wval)})
(t (setf (rta-ncde-g entry} val)))))

{defun set~rta=f {3 wval)
{let {{entry-(get-table-entry s)}} .
(cond ((null entry) {insert—table-ent:y s {make-rta-node :h wval))}
(t (setf (rta-node-h entry) ¥al)}}))

{defun set-rta-parent (s val)
(let ((entry {get-table-entry s)))
{cond ((null entry). (insert-table-entry s {make-rta-node :pafent val)))
(t {setf (rta-node-parent entry} vallyl)) :

Function BEST-LOCAL-STER chooses a dingle move from start towards goal,
looking horizen levals ahead. Following the RTA* algorithm, it sets the h
value of the curient state Lo the heuristic score of the- second best
successor. : : .

Vi et an e
e we e e e

{dafun best-local-step (start herizon)
(let {{succs (expand start t)))
(do {{5 suces (cdr 3))
{best-~succ nil}
{best~score *highest-static-valiuet)
(second-best—dcére *highest—static-value*}}
((null 3} (mapc 4 (lambda (sl) - Ay .
‘ .- {wvhen (not (eq sl best-succ)) (destroy-state si)))
aucds)
{set-rta<h start second=-best-score)
- best-suceq)
{let* {(succ {car s))
{estimater : : :
(+ (cost-of-move start suce)
{or {get-rta-h succ)
. {minimin~alpha siice horizon}))})
{cond ((> best-scora estimate}
(setq second-be’st-score hest-score)
‘{setq bast-score estimate}
{setq best-succ suce))

e e

- ({> s2cond-best-score &stimate}
{setq sscond-best<sdors estimate))}})))

~

Function MINIMIN-ALPHAR performs a depth-first search with alpha-pruning.
The search is limited to horizoa levels desp. Alpha-prining requires that
heuristic values he computed for internal nodas as well as leaf nodes.

Duplicate nodes along any given path are not expanded.

e v e ny

(defvar *alpha* nil)

{dafun minimin-alpha (start orizoen)
(satg *alpha* *hlghest—s;atié—balue*}
{let {(depth 0)
(cost-so-far 0)}
(minimin-alpha-1 start horizon depth coat=so-far nil)}
*alphat) :

{defun minimin-alpha-1 (start horizon depth cost-so-far parents)
{cond {{goal-state? start)

(setg *alpha* (min *alpha* éost—sa—far)))

{(= horizon depth) :

{s2tq *alpha* (min *alpha* (3 cost~so-far (heuristic atart)))))

[t
(let ((succs (expand start)))
{do ((s-succs {edr si})
({nuli s} (mape ¥ destrey-state suces) *alpha*)
(let ((succ (car sj))) .
(witren {not {member Sucec parents :test‘#’eq—states))
(iet* ((estimate (henristic sice) b -
(f~value (+.astimate aost-go-far)}}
{cond ((< f-value *alpha*)
(setq *alpha%
(min *alpha*
SAminimin-alpha-2

succ
horizon
{1+ depth) .
(+ cost-so-far (eost-of-move start succ))
{cons start pareuts))}})))]))})));

Function RTA-STATS takes 'a number of trials, a horizon, and a filename.
It performs RTA* a number of times and writes the average results cut
to the file. Because of the large number of randem decisions RTA* must
make, its performance can vary widaly, even on the same prehien.

. e e wa

[ A T

;e
H
(defun rta-stats (trials horizon ontfile)

{let {(*problems* nil)}

" (dotimes (i trials) (setq *problemz* (cons {generate-prehlem) *problems*)})

{with-open-file {ofile outfils tdirection ioutput :lf-exists :append
tif-does-not-exist :create)
{do ((start-time (get-universal-time)}
{h 0 (1I+ n}) .

(avg-path-length 0)

(avg-seln~length oY)
({= n trials) )

{format ofile "rrials:
{format .ofile "Search horizon:

(let ((end-time (get-universai-time)))

{Eormat ofile "Time: ~d min., ~d sec.~%"
{truncate (/ (- and-time start—timet A0J}

~d~%" trials)
~d~%" "horizon)
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{mod (- end-time start-time) 60)))
(format ofile "Average number of steps: ~g~%"

(coarce {/ avg-path-length trials) "float}))
(format ofile “"Average solution length: ~d~%~%"

' (coerce {/ avg~soln-length trials} ’float}))

(Eormat -t "Solving problem ~d of ~d....~%" {1+ n) trials)

{let* {({start .(nth n *problenis*})

- {solution {rta—star start
(format t " Number of steps:
(format t " Solutien length- ~Gg"
(setq avg-path-length

{+ avg-path-length *number—of ateps-— taken*}}
- (Setq ‘avg- soln-length

sA+-avg-soln-length {1- (lenggh aolutien)))}i)l))

horizon)}}

(1~ (length sclution)))

~d+%" *number-of-steps~taken*)



14 1991

: 04

Mon Jun 10 18

‘pelities.train

110901011110021011

1110101:11001011
1101101112001 011

1100001111001001 %
1100111111¢010131.
1L100100111001011

1190101011001011
01031100001 0110060

1101100001011 000
Q0002100001011 00 0

¢1010000010121.000

010211000101 1000
010110100103 1000

0101290101011 000
001110601 0¢011001
1012100100111 002

0111100100121 001
‘0001100100111 001

0010100100 1%111001
0011000100111001
0013110100111 0¢062

02¢l11011001F10001
002110000014 1001

1'11¢111111301111.:
01101111121 01111
10101111111 ¢1111

11003111111 1014 13
1110611111101111

1110101111101 111

11101102111 01111
1110631110111011-11



pelitics.txt

"Nétwork. structura:
Epochs;

Test after every N epocha:

Learning rate {eta}:
- Momentum (alpha):
Noise?:

Training data:

- Testing data:

Mon Jun

10 18:04:14 1991
(8 4 B)

100
10

-0.35

0.90

0
pelitics.train -
politics.test




or.txt Mon Jun 10 18:04:13 1991

Network structure:

Epochiss: .

Test after every N epochs:
Learning rate {eta):
Momentum {alpha):

Noise?r

Training data:

Testing data:

{2 21)
2000

5Q

¢.35
¢.90

0
or.train
or.test




14 1991

04

Mon Jun 10 18

0100201111001011"
1000101111001
0111100001011

- politics.test

I1
0

0
0

9 -

0‘1.001000010110‘0_0-
1113111311111 011t11



-Mon Jun 10 18:04:12 1991 .







n-puzzle,lisp

s—new)f

Functioen éRINT*STATE3ﬁrints a state in a linear sequence of characters,
e.g., #0123 4.5 €78 >

Function PRINT—STATE-ALTERNATE prints a state in two-dimensional format.
If you like the second format, rename this function PRINT-STATE,

N e v A e e
Ne ve va we s

(gefun prln;-a;ate s &rest ignorej
{declare (ighore lgnére)) .
{format *standard-output+ *#<m}
(dotimes (y *puzzle~siza*)
{dotimas (x *puzzle-— size*)
{format *standard-output* "~3d4n (tile-in-position s x y) ) )
(format *sﬁandard—output* ">T)}

(defun pr1nt-state alternate (s &rast ignore)
{declare (ignore ignore)}
{dotimes (y *puzzle—slze*)
" {format *standard-output+ Lt
(dotimes {x *puzzle-size*)
{format, *standard—output* "~2d™ (tile—ln—positlon 2 X ¥))))
(format *atandard—output* "~%T))

27 Function CONVERY- LIST-TO—STATE takea a list like f(0 1 2 3 456 7 8}
7+ and creates a state structure out of it.

Adefun convert—lxstftovstate {s)
‘(let {{s-new. {credte-state)})
. (dotimes (x *puzzie~airar)
- {dotimas . {y *puzzle-size*)
Alet {{n-(+ (* y *puzzle-size*) x))}
. (set;tileJin—pdsitibn‘s—new.x y {nth n a))
“{get-xacord s~hew (nth n s} x}
o (set-ycoord s-new (nth n s} y)}})
‘S=nEwW) ) :

P g
73 Function HASH~STATE takes a state and returns seme 1ntegar. The same
72 stata always yields the same integer.

(defvar *primes* ) .
f{235111 13_17 19 23 29 31 37 41 43 47 53 5% 61 67 71 73
7983 87 B9 91 93 973}

{defun hash-state (s)
flet {(hash-value 0))- ’ \
" {dotimes (x *puzzle-gize*)
(dotimes (y *puzzle-size*)
(setq hash-¢alie (+ hash-value ({* (tlle in-pogition s x y)
{nth (+ (* x *puzzle gize*) "y}
. *primes*)}))}))
hash-value) )

3

Fuﬁcixbn GENERATE -PROBLEM returns a list of two elements: first is a
randomly . generated start state, second is the goal state. The start
state "is. generated by simU1at1ng 1000 moves from the 'goal state.

e
LT

r(defun qaneratn—hroblem 4y R o
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{generate-randem-state .1000))

{defun ‘generate-randecm—state {n)
(et ((s {copy-state *goal-state*)))
(dotimes {i n)
{let* {{succs (expand a))

(next (nth (random (length sucecs)) suces)))

{destroy-state s)

{setq s next}

(delist (z suces)
(when (not {eq s z))

{destroy-state z}))})

i: Variable *GOAL =STATE* is a standard goal conflguratlon- tiles ordered,
;: blank in the upper-left hand corner,

{defun numbers-up-to (n)
(cond {{= n 0} (list 0))
{t {cdéns n (humbers-up~to {1- YRR RRY]

{dafvar *goél-state* nil)

{setg *goal- state*
{(convert-list-~to-state (reverae (numbers—upwto (1~ *puzzle~tiles*)))))

77 Variable *SAMPLE ~INITIAL-STATE* is 3 state very ¢lose to tha goal state.
{dafvar *gample-initial-state+}

(setq *sample-initial-state*
{generate-random-state 12))

; Function GOAL—STATE? returns t 1f its argument maats the speciflcatlon for
: the goal state

N4 ma

(defun goal-state? {2}
{eg~states s *goal~state*))
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‘{defun tile-in-position (s ¥ ¥) ;
{aref (puzzle—state—bqard 51.” ¥))

(defun xtoord {s tile)
{aref. (puzzle state-xcoords s) tile))

(defun yeosrd (s tile) ) .
faref (puzzle-state-ycoords s) tile)}

(defuﬁfset-tile~in-positioﬁ-{s x-y tilae) :
“{sekf (aref (puzzle-stdite-board s) x y) tila))

fdefun set-xcoord (ﬁ.tilé x) :
(setf_jaref jpuzzle—state—xcoords 8} tile) X))

:‘(defun set-ycoord (s tile x)
{setf {aref (puzzle state—ycoords s) tlle) ®i}

i
i Functlnn EQ-STATES retutns t if the two states 51 and 32 have the same
;i tiles in the same positions. It returns nil otherwise,

" (defun eq-states (sl s2)
tdo ((n 1 (1+ n))
(f2il n11) )
{{or faii (= n *puzzle—tiles*))
(not fail))
1whenr(or (net {= (xcoord s1 n) (xcoord s2 n}))
' (not {= (ycoord sl n) {ycoord s2 n}}))
{getq fail t)}}). -

Function HEURISTIC returns the Manhattan distance betwean states s and
goal. 'The Manhattan distance is calculated by adding up, for each non

P T
. e v e

the
-blank

' ¢ile, the number of horizontal and vertical moves reguired to move it from
“its position in sl to its position in s2.
'{defun.heuristic (s}
(manhattan s *goal-state*)).
'H(qefuh'manﬁattén (31 s2)
Ado. ({n" I {1+ n))
(tétal 0}) _
- {(= n *puzzle-tiles*) total) o ' .
(setq total (+ total (abs {— (xcoord sl n} fixcooerd 82 n))} :
{abs (— (ycoord sl n} (yecoord 82 n)}})}))
3} Fu nction EXBANLY returns a list of all legal sucessor states of s. It
i l oks for the- positien of the blank tile and moves adjacent tiles.
7; hn-optional parametetr t-may be supplied =- in that case, the succassors

;- are returned in a scrambled order.

{defuh expand (s sopticnal randomize}
"+ {let {(blanks (xtcoerd s *blank-tile*))
" (blanky (ycooxd s *blank-tile*))
(beards nil))
(when (> blanky 0}
(setq boards (cons (move-tile s blankx blanky hlank® (1= blanky)}
boards)}}
{wher {> blankx 0)
-(setg boards {cons {movn—tlle s blankx hlan?y {1- blankx) Ilanky)

boaxds}))
{when (< blanky (l- *puzzle-sgize*))
([sebq boards (cons (move-tile s blankx blanky blankx {1+ blanky))
boards) )}
{when (< biankx (1- *puzzle-~aize*))
{zetqg hoards {cons (move-tile s blankx blanky {1+ blankx) blanky)
boarda) )
" (if randemize (randem-permute boards)
beards) )}

71 Function RANDOM—PERMUTE mixes up the elements of a list.

{dafun random—permnte {x)
(do {{y x)
{res nil}) -
{{null y) res)
{let ({next {nth (randem {length ¥)) v)))
(getq res {cons next res}))
{setq y {delste next y)))})

P

;; Function COST-OF-MOVE takes a state and its successor and returns the
; cost of making that transition., 1In the case of the nnpuzzle, the

: cost of sl1ding a tlle s always 1.

(defun coat-pfﬂmove“(qtate;3ucceasor)'

{declare (ignoré state successor})
1}

Function MOVE-TILE takes a state -(2), a set of coordinates indicating

the location of the blank (bx/by), and a set of coordinates indicating
the location of the tile to be moved (tx/ty). It copies the state and

moves the tile, returning 'a new state.

e e e

W

{defun move-tile (s bx by tx ty)
({let {{c {copy-state s))}
{swap~-tiles ¢ bx by tx ty)))

{defun swap-tiles (s bx by tx ty)
{let {({tlle (tilé-in-positioh s tx ty)))
{set-tile-in-position s tx ty- *blank—tile*)
{set-tile-in-position s bx by tile)
(set—xcoord & *blank-tile* tx)
(set-ycoord s *blank~tile* ty)
(set—-xcoord a tile bx}
(set-ycoord s tile by}
s))

i Function COPY-STATE creates and r2turhs a new atate structure which isg
i: a copy of its input.

(defun copy—state (3)
{let {(9—new (create—state)))

{dotimes (x. *puzzle=-size*)
{dotimes {y *puzzle-size*)

. (set-tile-in-position s-new x y (tile- in -pesition 3 x ¥)) )}

{dotimes (x *puzzle-tiles?*)
{set-xcoord s-new X (xcocord s x)}
{set-ycoord s-new % {(ycoord = %))} .
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i; successor po&itiohs, i.e., all possible moves a player could make.

#1 S o

. Argifieial Intelllgance, Secend Edition o {defun movegen (pos playex)
Elaine Rich and Kewvih Knight : {mapcan
MéGraw Hill, 1991 #’ (lambda (m)
’ : (if {null (nth m pos)).
This code may be freely copied and used for aducational or research purposes, ' {list (make-move pos player m))
Rll software written by Kevin Knight, . . . . onil))
Commants, bugs, improvements to knight@ecs.cmu.edu . F{(012343678)))
.. : . : . o . ¥
¥[--- - - - - : . F: Functicon WON? returns t is pos is a w1nning positlon for player,
: - TIC-TAC-TOE GAME : 7 nil otherwise.
. "tictactoe.lisp” L
———— - - -4 {defun won? (pes player)
- . - (or (and (eq (first pos) player)
¥ S —-——== e - ) (eq (second pos) playar)
’ : : {eq (third pos) player})
This file contains code for tha game of tic—tac-toe. ' (and {(eq (fourth pss} player)
‘The important functions are: . : (eq (fifth pos) player)
' . . i . (eq {(sixth pos} player))
{deep-enough pos depth) t if the search has proceeded desp enough. {and {eq (seventh pos) player)
{static pes player) . evaluation of position pos from player 3 {eq {eighth pos) player)
) . - point of view. {eq {ninth pes} player))
(mevegen pos player} generate all successor positions to pos., : (and (eq {(first pos) player}
‘(opposite player). return the opposite player. ' {eq (fourth pos) player)
o {print=board pos) print board position pos. : (eq (sevehth pos) player)}
T {make-mové pos plajer move) return new position based on old position and {and {eqg (second pes) player)
playerfs move. . . . {eq (fifth pos). playex)
. {wén? pos player) ‘ t if player has won. “{eq (eighth pos) playex)}
{drawn? pos) ' t if pos is a drawn position. ' {and {eqg {third pos) player).
. L L ) . {eq {sixth pos) player)
" The important variables are: ’ . (eq (ninth pos} player})
- ’ o : T ' ' {and " (eq (first pos) player)
© kgtart* ' the initial board configuration, . - - ’ (eq {£ifth pos) player}
‘ s . ) . ) . o S : {ag (ninth pos) player})
These Functions and variables are all called from minimax.lisp. - °. . . ‘ ‘{and {ey (third pos) player)
) ’ o o ' . {eq .(fifth pos} playar)- B
———— o i 4 e ——— - 18 . {eq (seventh pos) player))))
HY Funutxon NULL-BOARD creates an empty tlc-tac -toe board. The board is - 77 Function DPAWN? returns t if pos is a drawn posxtlon, i.e., if there are
;i stored as a list of nine elements. Eiements are either 'x, "o, or nil . Fi NO more moves to be made. .
;i {empty). :

(defun drawn? (pos)
{defun null-board () {not (member nil pos}))
{1ist nil nil nil nil niy nil nil nil nil})

7: Variable *START* is the starting beard position. i Function OPPOSITE returns ‘x when given ’o, and vica-varsa.
(defvar *start* nil) ’ . : {defun opposite {player)

setq *start* (null-Board)) _ : ' (if° (eq player 'x} ‘o *x))

7+ Function MAKE-MOVE takés a board position {pos), a player {(player, which
fi s 'x or 'o), and a move (whlch is. a numbar between 0 and 8). It returns
7 a new board positlon.

Funetieon STATIC evaluates a position from tha poiht of view of a
particular player. It returns a nymber -~ the higher the number, the
more dnsirabln the position. The simplast static function would he:

= w

~

(defun make—move'(pos player move)
{let ({b {copy-list pos)})
{setf (nth move b) playnr)
23]

(defun. static (pos player)
{cond ({won? pos player)- 1)
({won? pos (opposite player)) ~1}
{t o)) o

e ove e e v we

Howa¥ser, this heuristic suffers‘frqm the problem that minimax search
will not "go in for the kill™ in a 'won pesition. The follewing static

N Ne e e va N owe W wy

LY

7 Function MOVEGEN takes a pesition and a player and-génerates all legal

\



term-unify,.lisp

‘Artificial Intelllgnnce, Sd¢cond Edition
" Elaine Rich and Kevin Knight
MeGraw Hill, 1991

This code may be freely copied and used for educatlonal of research purposes.
"ALL software written by Kevin Knight.
Comments, bugs, improveniénts to: knight@cs.cmu.edu

| ¥

#i :

TERM UNIFICATION

"term-unify.lisp"
= . . . e I i
N S s e ———— e
The main call is:

(uaify 11 12}, o . unifies two terms
._ See examples at thé end of this file.

e — [#

;¢ Function UNIFY returns a set of substitutions that make its two input
£} terms-identical. Terms are represented as ilsts. For example, the
_si term f({x,g{a})) is repreésented as (f x (g a)).

~(defun unify {11 12)
(»ond {(or (censtant? ll) {variable? 11)
- -{constant? 12) {varlable° 1))
(cond ((eq 11 -12) nil)y
E ({variable? 11) . '
(if (contains ‘12 11Y 'fail (1ist {list 11 <= 12))))
A-(varisble? 12)
(if {centains 11 12} ’fail {list {list 12 7<- 11))))
(t *fail})) :
{{or {not feq (car 11) (¢ar 12)}}
(ot (= {length 11} {length 12)}))
ffatl)
it
{do ((subst nii)
fargsl (cdr 11} (cdr argsi))
fargs2 {edr 12} .(cdr argsZH
{failed? nil)} . .
((or failed? fnull’ argsl))
C{if failed? ffail (nxeversg'aubst))]
{let {{s. (unify {car argsl) Hcar args2) )}y
{eond ((eg.s 'fail) ({setq failed? t))
{(null s} nil)
{t (setg argsl (apply~substitution s argsl))
{setq args2 {apply-substitution s args2))
{setq subst (append s subst}))})}}))

-(defun constant? (a)
{and’ {atom a)
Anot {null a)}
(hot (variable? a))) )

“(Sefun-variable? {a}
“{and. (atom -a)

Mon Jun 10 18:04:16 1991 1

(member a "{x y z xi x2 k3 %4 x5 x6 27 x8 x% x10 x11 x12))))

(defun contains (tree item)
{cond {{null tree}
nil}
" ((atom tres)
[equal. tree item)}. :
{t ;.. btree 15 a list
{or {containe {car tree) item)
{containg {edr tree) item)))))

{defun applfrsub;titution {substs expr)
(let ({c {copy-tiee expr)})
(mapc #'(lambda {s)

substs)
<))

3i (unify 7 (F x (g a)) ' (F (g a) (g yhh) ->

H
.
7

{{X <= {68 A)) (Y <~ A}}

{setq ¢ {nsubst (thlrd 2) (firstzs) c)l)
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Y . _ - . . ——
Artificial Intelligence, Second Kdition

Elaine Rich and Kevin Knight

MeGraw Hill, 188]

This code may be freely copied and used for educational or research purposeas.,
All software written by Kevin Knight.
Comments, bugs, improvements to knight@cs.cmu.edu

at h

- e mmmmme—————
RAILROAD TRAVEL DOMAIN
Ptravel.lisp”

¥l g - I

This file contains code for a clty—to—clty railreoad travel problem. The
task is to travel from San Franclsco to Los Angeles, perhaps usign the
shortest path. The impottant fuiictions are (s, sl and s2 are states):

(goal-state? s)
{eg-states 51 82)
(expand s)
(hash-state &)
(print~stateé s)
{destroy-state s)
{heuristic s)
{generate-problem)
{cost—of-move sl s2)

t if 5 is a goal state
are sl and s2 equal?
successor statas of s
some has value for s
- print function
dispose of state structure
heuristic distance between = and the goal
randomly generated start-state
c¢ost of moving from sl to s2

The important variables are:

*sample-initjial-state*
*goal—state*

These functions and varizbles can all be called from an outside search’ program.
~.In fact, these are the functions called by our xmplementations of depth—flrst,
breadth-first, hill—cllmblng, A*, BFID, IDA* and RTA* search.

‘The problems in this domain are not partlcularly difficult to solve, but

clearly illustrate different search strategies, To watch dlfferent strategies
in action, load the files "dfs. llsp, "bfs.iisp", "dfid.lisp"™, "hill, l1sp ,
"a-star. 1lsp ¥ and "rta-star.lisp" and execute the following commands'

(dfs fsan—franc1sco t}
(dfs~avoid=-loops ’san-— franclsco t)
(bfs~graph ‘sgsan-francisco t)

(dfid *san-francisco t}

{ida-star 'san-francisco t)
{a~star '"san-franciscoe t)
{hill-eciimbing ’san-francisco t)
{rta-star "san-francisco 1't) -

1#

#1- : : et : ==

MAP OF CITIES AND RAIL DISTANCES

*BOS

272  *DET
*CHIL
*SEA . T lig4 303
900 : ' *IND 371 *PIT 348
*SF . 821 . *sLe 518
L *TPK
470 700 60 ‘
*KC! i 761
*LA 450
*PHX 517 - *BIR
440 .
*EP 646. - *DAL . 355
) *HO 804
827 264 363 S
*HQU |

*NY .
91

*PHI
133

*WAS

*MIA

Variable *INFINITY* wiil be used as the largest possible number.
MOST-POSITIVE~-FIXNUM i3 a Lisp symbol that provides it.

i
{defvar *infinity* most—pos1tive~fzxnum}

-4

in the search,

Variable *NUMBER-OF-CITIES* is the total number .of cities,

by rail.

e e We M e e ma TE W v e
WM N Me Nac e mE e Wy e e

distance between them, ;
{defvar *cities*) ' ’ i
{setg *citiqs* : ;
f (san-francisce

'
los—angeles salt-lake-¢ity phoenix

Variable *CITIES* holds the list of citiés that will be used aé,states

Variable *RAIL-DISTANCES* is a list of adljacent cities and their distances

Variable *ATRLINE~DISTANCES* stores, for! each pait of cities, the Euclidean

el-pase housteon

dallas kansas-gity topeka new-orlean$ birmingham miami washington
philadelphia pittshurgh. indianapolis ,chicago detroit new-york
boston seattle)) ! :

%
(defvar *number-of-cities*) |
(se;q_*number of-citias* (length *c1tzes*))w

{defvar *rail-distances¥)
{setg *rail-distances*

f‘( .

(san-francisco {seattle 900) (salt-lake= 01ty 821) {los-angeles 470})

{los-angeles (san-francisco 470) (phonniﬂ 450)) .
{salt-lake-city (san-francisco 521) (phdeniz 450))
“{phoenix {(el~pasoc 440) (salt~lake-city 700} (los-angeles 450)}
{el-paso (phoenix 440) (houston 827) (dallas 646))

(housten (el-pasc 827) (new-crleans 363) (dallas 264} )

(dallas (el-paso 646) (kansas-city 517) (houston 264)})
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ii function weighs quick wihs more highly than slower ones; it also
ii ranks quick losses more negatlvely than slower ones, allowing the
i program tc "fight on™ in a lest position.

{defun static (pos player)
feond {{woen? pos playerx)
{+ 1 {/'1 (length {(remove nil pes)))}}
((won? pos (opposite playex))
(= {+ 1 {/ 1 (length {remove nil pos))))))
At 01))

Function DEEP-ENOUGH takes a boatd position and a depth and returns

; . 1T the search has procgeeded 'deep snough. The 1mplementation balow

! causes the search to proceed all the way to a finished position. Thus,
minimax ‘search will examine the whole search space and never make a

;. Wrong move. A depth limited séarch might lock like:

~
£

(defun - deep-enough (poa _depth)
(declare ({gnore pos}y
(1f (> depth 3). t n%l}l

N N % Wi e e A
LU TR PR i !

{defun.deep-enough {pds. depth)
{declare (ignore depth))
(er (won? pos- "x)
{won? pos."o}
{drawn? pos)))

‘77 Function PRINT-BCARD prints a two~dimensional represantation of the beard.

‘(Gefun print-board (b) .
(format t "~% ~d ~d ~d«% ~G ~d ~3~% ~3 ~d ~d~$~%7 : ‘
(or (first b) ™.") (or (second b) ".") (or (thizxd b} ".7")
{ox (fourth b) ™.7) Jfor (fifth'b) ".") (or (sixth b} ".7)
{ox . (seventh -b) f.")-(or.(eighth b) "."} {or {minth B) .".")})
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(defun heurjstic (s)
(aref *airline-distancas*
(position s *cities*)
.(position *goal-state* *cities+*)))

{defun destroy-state (s)

{declare (ignore-s))
nily

{defun generaté-prqblem 9] L
{nth (randem ¥number-of-cities*) *eitiest))

-(defun cost=ofimove (sl s2)
{cadr {assoc a2 ’
. (edr (assec 8l *rail-distances*))}})
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(kansas-city (topeka 60) {indianapolis 518) (dallas 517)) {2264 2136 1668 1828 1778 1137 1070 781 821 1118 792
(topeka {kansas~city 60)) _ 1250 192 25% 0 330 410 -205 317 483 2183}
(new-orleans {houston 363) (birmingham 355)} . . B .

(birmingham {wasliington 761) [new-orlaeans 355) {miami 804)). . ’ (1249 1809 13356 1499 1418 865 763 453 473 839 492
(miami (birmingham 804)) ’ 1225 494 585 330.. 0 165 240 -646 807 1872)
(washingteon (philadelphia 133) (birmingham 763)) . -
(philadelphia (washington 133) (pittaburgh 348) (new-york 21)) ' (1858 1745 1260 1453 1439 ° 940 803 414 424 947 657
(pittsburgh (philadeiphia 348) (indianapoli-s- 371)) . ' . 1390, 597 666 410 165 0 279 B840 933 2052}

{indianapolis (pittsburgh 371) (kansas-city 518) (detreit 30-3)

{chicage 1B4)) (2091 1983 1492 1690 1696 1105 999 645 665 1101 754

{chicago. (indianapolis 184) (detroit 272)) ) . 1409 396 443 205 240 279 0 671 702 233%)
{detroit (indianapolis 303} (chicage 272)) ‘ ‘ ) : .
{new-york ({philadelphia 91) (boston 229)) . . (257)1 24511972 2145 2147 1420 1374 1097 1137 1330 983
{beston {new-york 2208}) N . 1328 205 B3 317 646 840 671 0 213 2900} :
(ssattle (dan-francisco 900)) : ’ ‘
1) ’ . ' (2699 2596 2092 2300 2358 1605 1551 1251 1291 1541 1194 -

1539 393 271 483 807 983 702 213 0 3043)
(defvar *airline-distances*) : :

{setq *airline-distances# ' o : { 678 959 TOL 1114 1760.1891 1681 1506 1466 2606 2612
{nake-array {(list *number-of-cities* *number-of-cities*) ) . 3389 2329 2380 2183 1872 2052 2339 2900 3043 Q)
.zinitial-contents . L ] : o Y

LN .
(" © 347 §00° 653 1202 1645 T483 1506 1456 1926 2385.
2594 244272523 2264 1949 1856 2001 2571 2699 678}

.
.

( 347 0 579 357 B0O0 1374 1240 1356 1306 1673 2078 .

2339 2300 23%4°2136 1809 ‘1745 1983 2451 2596 959) (defvar *sampleé-initial-state* ’san-—francisg:o)
{ 600 .579 0 504 877 1200 999 9325 885 1434 1805 . {defvar *goal-state* ‘new-york)

2089 1848 1925-1668 1356 1260 1492 1972 2099 701)

{ 653 357 504 0 402 1017 887 104% 1009 1316 1680 1+ Functions required by search programs in the railrcad traval domain.
1982 1983 2083 1828 1499 1453 169%C 2145 2300 1114) ’ .
. ’ . {defun goal-stat&z (&)
(1202 800 877 - {102 0 756 625 936 896 1121 1278 (eq—sta-tes 9 *goal-gtate*))
1957 1997 2065 1778 1418 1439 1696 2147 2358 1760) ' '
. [ . . ' (defun eg-states (sl 52}
(1645 1374 1200 1017 756 .0 . 225 644 664 318 4§22 - {eq 81 s2}) )
968 1220 1341 1137 865 940 1105 1420 1605 1891) - . :
: i ; : (defun expand (s koptional randomize}

({1483 1240 993 887 625 225 0 451 486 443 653 - {lét ({succs (mapcar §'car (cdr (assoc s *rail-distances*)))}}
1111 1185 1299 1070 763 803 999 1374 1551 1681) (if randomize :

B {random-permute suces)
(1506 1356 925 10492 D936 644 451 ¢ 50 680 703 succs)))

1241 945 1038 7Bl 453 414 645 1097 1251 1506}

(1456 1306 885 1009 896 664 485 5¢ 0 720 753 ;; Function RANDOM~PERMUTE mixes up the elemants of a list.
1291 995 1088 B21 4T3 424 665 1137 1291 1466) - . : :

. : . {defun random-permute (%)

(1926 1673 1434 1316 1121 318 ~ 443 680 720 .

0 347 : {do {{y x)
892 1098 1241 1118 839 947 13201 1330 1541 2606) ‘ . : {rés nil}}
‘ - o R L {(null y) res)
(2385.2078 1805°1680 1278 632 653 703 753 347 ¢ (let ({next ({nth (tandem {length y)). y}})
777 751894 792 482 657 754 983 1194 2612) ‘ : {setq res -{cons next res})

. . (setq y {delete next y)}1))
{2594 '2339 20892°1982.1957 968 1111 1241 1291 8§92 777
0'110'.:1, 12392 (250 1225 1390 140% 1328 1539 3389)

! i ) {defun hash-state (z) . . o )
{2442. 2300 1848 1983 1997 1220 1185 945 .995 1098 751 : (sxhash s)) 7 built-in Common Lisp function
1101 0 123 1%2 494 597 395 205 393 2329) ' ’ T :
N : . {defun print-state.{s &rest ignore)
{2823 2394 1925 2083 2065 1341 12989 1038 1088 1241 894 {declare ‘{ignore ignere))
1238 123 0 259 585 666 443 83 271 2380) R (format *stapdard-output* "~dP s))
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(setq *iohns-car

“{{origin japan) (mfr honda) (cblor.bluej {decade 1980) (type economy) } )

(setg *marys~cart

“{{origin japan) (mfr toyota} (coler.green) (decade 1%70) {type sports)))

(setq *herbs-cart*
' ({origin japan) (mfr toyota) (color blue). (dacade

(setq *alleas cag* i corrected from-first printing
’ '((origin usa} (mfr chrysler) {colér blue) (decade

{setg *marvins~car* . o
f{{origin japan) (mfr honda) {celor white) (decade

(setqg *attribute-values*
‘{({origin japan usa britain germany italy)
(mfr honda toyota ford chrysler Jjaguar bmw fiat)
{color blue green red white}
(decade 1950 1960 1970 1980 199¢ 2000)
(type economy luxury sperts)))

{defun all-attribute-values {(attrib}
{edxr (assoc attrib *attribute~values*}))

{defun all-attribute-names {}
(mapcar #'car *attribute-values*))

-To test, évaluate-the following five eXpressiona:

{initialize-s~and-g *johns—car#*)
(accept~instance *marys-car* nil}
[accept~instance *herbs-car* t)
(accept-instance *allens-car* nil)
{accept~instance *marvins-car* t)

P

L TR P R TR

e

1930) {type econony)))

{blue, not red)
1980) . (typs economy) ) ) -

1980) (type economy}))

r
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‘Artificial Intelligence, Second Edition

Elaine Rich and Kevin Enight
McGraw Hill, 1981

This code .may be freely copied and used for educational or research purpeses.
All software written by Kevim Knight.
Comments, bugs, improvements to kpight@cs.cmu.edu

| #
PR s s
CANDIDATE ELIMINATION ALGORITHM FOR VERSION SPACES
"ys.lisp™ T
i#

i} Version spage learning with the candidate elimination algorithm.
¢ Concepts are represented as lists of attribute-value palrs. See
77 bottom of file for examples.

(defyar-*s—aet*)
(defvar *g-set*)

(defvar *attribute-values*}

(défvar *most-general-concept* nil)

H Functlon INITIALIZE—S AND-G accapts a positive. lnstance of the concept
; £o be. learned, and in1tiallzes the S and G sets,

(defun initialize-s-and-g (first-positive-example)
{setqg *g-set* {list *most-general-concept#))
" (setq *s-set* (list {order-attributes flrst—posltlve example)))
(status- report))

:; Function ACCERT~INSTANCE incrementally accepts pesitive (t} and negative
7+ (nil) instanecés of the target concept.

{defun accept-instange {inst positive?}
_ (if positive? .
{accept-positive—instance inst)
(accept—negat;ve ;nstance inst))
{status-report)}.

(defdn accept-— pcsiEive instance {inst}
{setg *g= set* {remove- if #f (lambda (g-alg)
(not (mere-genaral-than g-elt inst)}}
*g-set*)}
{setqg *s-setr (mapcar 47 (lambda {s-elt)
(generallze s-elt 1nst)\
*g-gat*))) ;\
{defun accapt-negative-instance (inst)
{setg *s—-set* (reémove-if A (lambda (s-elt)
€m0re-general-than s-elt 1nst)}
*s-sat*} ).
(setq *g-set* (mapcan #7 {lamkrda (gwelt) .
{specialize g-elt “tnst})
*g-set*)})

{defun status-repert- ()
(format t "~%~%New S set: ~d., ~%~%" *g-gel¥)
(format t "New G sat: ~d. ~%~%" *g-set*)
(when f{egual *s-sat* *g-sat¥)
‘(format t "Done, Learned concept = ~d. ~%~%" {car *s-set*))}

{when {or {null *s-set¥*) (null *g-sekt#*})
{format t "Inconsistent data. ~%~%"})}}

7+ Function MORE—GENERAL—THAN returns [ 1ff congept Cl 1s a moré geheral
;: deseription than C2.

{defun more-general-than {(cl c2) i
{subsdtp ¢l ¢2 :tast #'equal)) i

Function ORDER-ATTRIBUTES reorders the attributes in a concept to an
alphabdtical standard.

fr
'y
rr

{defun order—attributes (c)
{sort (copy-tree c)
£ (lambda (attrl attz2)
{atring< .
{format nil "~d™ {gar attrl)) -
{format nil "~d™ {car attr2)}}))}

5+ Function GENERALIZE returns the generalization of two concepts.

{defun generalize {s-elt inst)
(order-attributes (intersection g-elt inst .test #'equall))

;3'Functlon SPECIALIZE returns a list of speciallzations of G-ELT that do

not cover tha negative instance INST.

{defun specialize (g-elt inst)
{mapcar #'order—attributes
(let* {{attributes—to-spe¢1allze
(set~difference - (all-attribute-names)
{mapcar #'car g-elt)
stest #'egual))
{posaible-gpecializations
(mapcan #' (lambda {attrib)
(mapcar #7 {(lambda (value}
{cons (list attrib walue)
" g-elt))
(atl- attribute-values attrlb)))
attributes-to- apec1allze)}}
{remove-if #' (lambda. {potential-g-elt)
{or {not (some #" {lambda {s-alt)
(more—general-than
potential—g-elt
s-elt})
*g—set*})
{moré-=general~than potential~g~elt inst)))
{cons g-elt possible-specializaticnsi))))

H -
¢3 EXAMPLE ’ .
H

;» Positive and negative examples of tha concept "Japanese economy car”.
HH cf.-page 4867,

{defvar *johnSfcar*)
{defvar *marys—car*)
{defvar *hetrbs-car*)
(defvar *allens—car*)
{defvar *marvins-car+*)

;4
: -
: o+
F
po+
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Network structure:

Epochs:

Test after every N epochs:
Learning rate (eta):
Momentum (alphal:
. Nolge?:

Training data:

Testing data:

(221
2000

50

0.35
0.90

o]
xor,.train
Xor.test
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