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Theory Formation of Physical Phenomena
Using Multiple Analogical Reasoning

AKIHIRO HORIKAWA,t KAZUO SASAKIHt and KUNIAKI UEHARA'

Analogical reasoning is a useful problem solving method for theory formation, which is an
approach to automatically construct a theory model for observed phenomenon. However, as
the similality between knowledge of familiar phenomenon (base) and observed phenomenon
(target) decreases, the ability of theory fomation by analogical reasoning diminishes. In this
paper, we propose the concept of multiple analogical reasoning to solve the above issue. In
the framework of multiple analogical reasoning, we may use multiple base phenomena to con-
Jecture plausible explanation of a complex target phenomenon. Furthermore, we should focus
on partial similalities between two phenomena in order to construct an appropriate theory
model. These ideas are illustrated by way of a theory formation program which uses multiple
analogical reasoning to posit qualitative explanations for time-varying descriptions of physical
behaviors.
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Fig.1 Concept of multiple analogical reasoning.
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2 HR . 2_containerIf
Fig.2 Visual description of phenomenon “2_container_If.”
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Fig.7 Visual description of phenomenon “temp_control.”
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Table1l Arithmetic formula for qualitative values.

F—7 v bOYRE | N— 2Dk ALor
(+, x) (+,y) (7 2)
(+, x) (0, y) (+, 2)
(+. x) (=, vy) (+, 2)
(0, x) (+,y) (—, 2z)
(0, x) (0, y) (0, z)
(0, x) (=, ¥) (+, z)
(= x) (+.y) (= 2)
(=, x) 0,y) (=, 2)
(=, x) (= y) (2 z)
(x,inc) (y,inc) (z, 7))
(x,inc) (y,std) (z,std)
(x,inc) (y.dec) (z,inc)
(x,std) (y.inc) (z,dec)
(x,std) (y,std) (z,std)
(x,std) (y.dec) (z,inc)
(x,dec) (y,inc) (z,dec)
(x,dec) (y.std) (z,dec)
(x,dec) (y.dec) (z, 7))
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DR TROFUMOECHEERET LI L0 TE B,
LL%ads, 477 )VDFTRTOBRIZHLTHE
BEDOGHELITL IO, BFEIX OB THEL D
. IDW, SHWEED L VEFEERE L LT,
RABEELYARE L EAT .

RAEEEL, BEATF—Jo0#E»S, LUTn3
DORBEI) BNTBED, < FREOBARE &
LTEHRSNS.

o R~ v F o 7B B E{LRFIDIKEED —F



Vol. 37 No. 6

BT A

o KiRBy~ v F o 7IlBITARKK 1
o KIRM~ v F LI BITARIK 2

TR, LW dl, 8T A= FORIEITOR
% AL RFIDRIERAA—HT % T L DOAKITRD -
Hrwid, BREOBORBHERDOLILIZLE-T,
BABOEIESHCEHETAI LN TEL. I/, &
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Fig.8 Filter out unnecessary parts from base theory model.

O+ AZIIEER, ZEBOATEBRL TV,

s,

BEWVH)RFEE LT, bd

MENTWAh,

)85 A — 4 bl DIREEE(LIZ process A O “I-(bl,
b5) Ik o TRENTWA. Thbb, /T A=Y
bl DAL b5 E BORFIBGROEE LT TEIL
4%, %7, process A @ “Qprop(b5, bl)” 7%, b
DERMTEII L IZEBESTTTVL I AT L.
CTOLILTHT A SEORBRGEEES L,
bl, b2, b3 DIKEEBB L HET H7HI43, bd &R
HY L O0BREFVVLELI L TH A, fER
¥ LT, process A, process B DA LELETRR
L%, process C RABELHITMRLELTT (VY
)y aha. F72, process BROARELR /ST X —
5 ba 1B B 50 “I— (b4, bB) b7 AN Y LTS

N—ADBREFVLDOT A NS ) ¥ I HTbIRE,
ERIZ O AOERMTbILS. TOLE, b5
Wied 5/87 A—513%9 —
IO RBE, BRI I TV RVD, ¥ —
by OIREE BRI A 8T A — I DL TV
WGt A E R8T A —
YRERTAH. SOLININT A=Y ERRIST A —
5 LIER, ZOBITIE, RE/ST A— 5 “D5?1" DA

BATBITIRSE ST A— v BATHIEIILD,
FHOMEER ST A— Y E2@HELT, -7 POR
BEFNVEET DI ENTREL %A, L2 LENS,
3/35 A— 7 IE4HEFMT 2 EHFTEIRVL
W, TEBEFERLRVIENFEI L. 361,
BAORHETIERONRN— AN SRR ETVEEERT S
1, BHMOEERLIRH/ ST A—YHERIRTL
¥ AR H L. DD, BEAT -V TT 1L

oy MZHEEL TV,



982 1H R

) TR IEIFEFEIIEETH A, X8 T,
TANT ) TRIFIZEIICZED, b4, b6, bT D3
FA=ZIIMT BIRHE ST A— Y OERASEBS T
w3,

54 HEXTFT—-

HMEAT U}, BRN—ApoTHsn:- 7ot R
DEREDVLY =7 v F2EBETHLODBREFT L%
HWHTH0ETHE. Zok i, BREFVIITESR
RF ST A= HEFTNTVBIEENENH L. Zhid
UTFTo®HIZE S,

BRE, Big, FROLEILERIISETTS7-010,
N=ADINF A =7 EIEDIFENIy—4 v FDss
TA-IDHIBR IR E, UBTIIV > SWERSH
%5 ZO®, TTIZHIETIIDFbhz S
A=Y UHEDPORBESNIANRN—ADIST A — ¥ 1
B 5 LI3TEY, HIURE/ ST A — % 345K
LI ondrd, 0k s, KE/ 5
A=Y LEBRDINT A—FHER—THhb I ENPRET
ENT, BT A— S REFR L TLEL LI
%5,

KLATLTIE, TOXIREZHIZESNT, T
R2IRH/ ST A -9 DRR, HIBRET->Tw 5, RS
INT A= LBEDING X — 5 HhE-—Tdh b & HEFT
HADITIE, BRETNIEAMEOHEEI KT 5
VENHD. FDO01243, 3, MEDOIREBEBH
—H LB TR, 8640, REEB 5|k
CLTVLHRMAEN B LA TEZL 2V, T4
bh, DOIRFG A= h DL D R B ST TIK
RAEL T 22T R LA AL LW, &
D& HEEANS, BERIRF/ ST X — 5 %2 HIBRT 2
TODHMEREL LT, UTOLRBEZI WS,

% “%

IRH/87 A — % H OREBBIZEEBY 52 25/55
A=Y DRER CP,(H) LT 5.

CPy(H) = {P1,, P}
CP,(H) DEBEDEFZ Pi(i=1,---,n) 12 L TkD
RULWIT T A DEELY Q={Q1, -, Qn}

EL7CEE, CP(R)=Q *Wi7zT L) %/85 21—
Y RYVEETAH%56IE, RFE/S5A—% HERIL
Fl—=DRTA—=5THHEHMTHILITES,

L PR TAEEOMRE -3 BoRRIcd L

T, Qi MY LRIBOERDIFEET S.
2. 85 XA—=58 P, E)NF A= % Q; DKERBILF
—TH5.

b xi@7:Y H, R ¥HET A58, TELIRS
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y—4y b
t1 (0,inc) (+.inc) (+,std)
t2 (+,dec) (+.dec) (0,std)
t3 (0,inc) (+.inc) (+,std)
t4 (+.dec) (+,dec) (+,std)
N—R A
al (0.inc) (+.inc) (+,std) W Qprop(al,a2)
a2 (+,dec) (+.dec) (0,std) #B 1—(a2,al)
a3 (0,inc) (+,inc) (+,std) I+(a3,al)
~N—2 B
bl (0,inc) (+.inc) (+,std) & Qprop(bl,b2)
b2 | (+,dec) | (+.dec) | (0,5td) % 1-(b2,b1)
b3 (+,dec) (+,dec) (+,std) I-(b3,b1)
7 FIRE
MH(“A™) = {MP(t1.a1), M P(t2,a2), M P(t3,a3)}
MH(“B") = { M P(t4,b3)}

N=—2ZADPSELNBHREFL
W% Qprop(t1,t2)
B I (t2.t1)
14(¢3,1)

N—ZABH»LHELNIBREFIL
[4H Qprop(b1?1,b27?1)
#H 1—(b271,b171)
1-(t4,b171)
BO JRLHE ST A -y DR
Fig.9 Search for redundant hypothesis parameters.

TRAZBWT, H OREECIZET 5015, 2B
RBIETXCHIBRES NS, 72, 204 H OIS
THEARTIE, HPITXTRIZERINS. 25
5, HIZBY 5ROl ITh- 7ok AL R
T SRR EECT O ADES SR, Hi-h 7O
AL L THERSIS,

B9, ¥R ALLBELNEY Y FIRS
HM(“A”) 120> THREFADNEREN, S5 (2K -
DWW TORREFTLLBLDI0, X—2 B
Po/BONL T FIREHM(“B?) 126> THEEF
WIEBENTETFERLTOVS, 4B, t4 L s
IF5M7:b3 13 bl, b2 55 EBETIFTVEY, bl,
b2 IZXMIEDIF SN B85 A — 9129 — 4 5 NI
Law7zo, RE/55 A—% “b1717, “b271” AR
SNTWVAD. JIT, HAEDEME “DI1717, “b2?1”
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. y—4 v PETAWERARIE, BT ORR
“temp_control” % A\ 5. HHK “temp_control” i3
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2] LWIBSETHAH. BR “temp_control” DL
% 11 (2R
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T, M12 LRTEICBERKEGEORLIKREV
BEE L THSR “cedissolve” PREINL. B

e Qprop(tl,t2)

LW 1-(t2,t1)
1+(t3,t1)
I—(t4,t1)

10 #E&Sh7:-#Reirnv
Fig.10 Modified theory model.
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thermal_object( k),
thermal_object(K),
heat_path (3R i),
heat_connection(k, X, HE#fi),
heat_connection(#&i, X, €—7),
contained_liquid(X)

Russ
R A—4% t1 2 t3
& (%) (+.5td) | (+.dec) | (+.dec)

RE (K) (+,inc) (+,std) (+,std)
| J€I) (4,8td) (+,inc) (+,inc)

BE (K) (+,dec) (+,dec) (+,std)

A (BIR) (+,dec) (+,dec) (+.,dec)
t4 t5 t6

(+.dec) | (0,std) | (0,std)

(+,std) (+,std) (+,std)

(+.inc) (+.,5td) | (4.std)

(+,inc) (4.inc) | (+,std)

(+,dec) (+,dec) (+,std)
11 ¥ —% v FOBRODEE © temp_control

Fig. 11 Qualitative description of target phenomenon

“temp._control.”

BRY WREN) A+ [ IS T
g —4y b 2,2,3,3,4
2_container.If 2,2,2,2,2 4
ice_dissolve 2,2,2,2,3,3,3,3 10
water_level_control 1,2,2,4,4,4,4,4 8
water_supply 1,1,2,2,2,2] 4

12 ~—-AOENACE ( -5
Fig.12 Base retrieval.
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W H14 (IR

Kiz, BigAT — I THBRMD/ T A— 5 OxIED
FAFhNT, v v FIREE LT HM(“ice_dissolve”)
PELNS,

HM(“ice_dissolve”) = {
MP(& (K), & (B#ROK 1)),

vk
thermal_object(F# M K 1),
thermal_object(X 1),
heat_path($&8gfi),
heat_connection(# &M K 1, K 1, k),
contained_liquid(AF# M Kk 1)

i3 24

NT A ¥ t1 t2 t3
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IS (B0 K1) (+,std) (4,inc) (+,std)
AR (1) (+.dec) (+.dec) (0,std)

13 ~N—Z 1 OBE L icedissolve
Fig.13 Qualitative description of base phenomenon

“ice_dissolve.”
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qprop(imhE (K 1), &4 (K 1)), 11
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ice_flow2(F#¥NK 1, K 1, EME. 1)

(A thermal_object(##M K 1), 14
thermal_object(X 1), 15
heat_connection(# &M K 1, K 1, #&8i), 16
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g A e 2k heat_path ($#88fi]) 18

Wk R{F greater_than(i (N K 1).zero), 19
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I 4% Qprop(##:4 (1), ¥ (K 1)), 22
Qprop(JEJ) (H&D A1), v (FEEDA1)), * 23
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A I— (Rt (FBO K1), widE (1)), 25
I—(w (K1), MM (1)), 26
I+(B (BFHOKL), HM¥ (1)) 27

14 ~— ZAOHGT T LR | ice_dissolve
Fig.14 Theory model of base phenomenon
“ice_dissolve.”
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tl t2 t3
RAE (k) (+,dec) (+,dec) (+,std)
WmE (FHOK) | (+.dec) | (+,dec) | (+,dec)
5 (+,inc) (+,.inc) (+,inc)

t4 t5 t6é
(+,inc) (+,inc) (+,std)
(+.,dec) (+,std) (+,std)
(+,inc) (+,inc) (+,std)

15 imhE (K) ©X5
Fig.15 Qualitative state of parameter
“temperature(water).”
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ice_flowl71(Xk, X, #ME, 171)
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heat_connection(k, K, {ERfdi), 3
contained_liquid( k) 4

it & ft heat_path($ERkm) 5

o Rt greater_than( 4 (X),zero), 6
greater_than(k (/K),zero), 7
less_than(iw/f (K), #ri (K)) 8
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fdfAtfi#t  thermal_object(X), 14
thermal_object( k), 15
heat_connection(k, X, M), 16
contained.liquid( k) 17

il e et heat_path (&8 fi) 18

E RN greater_than( 4 (Xk),zero), 19
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(4 [— (i (K), M#4271(171)), 24
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16 N2 1556 HhIHREF L

Fig.16 Theory model modefied from base phenomenon
“ice_dissolve.”

INTT A= B t1 t2 t3

il (K) (+,inc) (+.inc) (+,inc)

WE (B | (+,dec) | (+.dec) | (+.dec)
t4 t5 t6 |

(+,inc) (+,inc) (+,std)

(+.dec) (+.dec) (+,std)

17 “temp_control” O H DR
Fig. 17 Unexplained partial phenomenon of base
“ice_dissolve.”
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Fig.18 Theory model modified from base
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