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Design and Realization of Distributed Motion Control on

the Chain-type Robot

Student : Shih-Wen Chen Advisor : Dr. Pau-Lo Hsu
Institute of Electrical Control Engineering
National Chiao-Tung University

ABSTRACT

The chain-type robot possesses great capability to overcome complex terrains so
that it can be applied to areas like rescue, surveillance, and exploration, etc. To
acheive coordination among single modules for motion on complex terrains, this
thesis proposes the behavior-based distributed multi-unit control for the chain-type
robot. As the master unit executes either the riser. climbing or the tread landing
behavior, the slave unit follows the-.command sent from the master. Via appropriate
coordination between the master and. the slave, the chain-type robot can thus
successfully overcome complex terrains.

Moreover, to improve the chain-type robot-motion for complex environments,
the autonomous learning procedure via the ant colony optimization (ACO) is used. In
addition, the sequential training is proposed to decrease the conquering time, and the
algorithm of pheromone adjustment is also proposed to suppress the deviated results
of the learning.

Experimental results on all steps, slope and stairs show that ACO decreases 55%
of the terrain conquering time after the first learning procedure; and with the
proposed sequential training, the deviation of conquering time for the first learning
procedure is 77% less than that without sequential training. With pheromone
adjustment, the satisfactory results in deviation of conguering time are guaranteed
even after several learning procedures to prove that the present learning is reliable.
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B e B (Lm) » ZigBee % Cm2>Rm » F]pt — ZigBee g.d B I ¥ &
(Cm-Rm)ZigBee % =2k th i B F T o 55 % e s =t § 4 H < & g (Parent router)
ST R eho $3T ZigBee 434 F 0 B B R hima 7 B A & Rm+L B @ Rm
Boizpz BFHR-o il RM B3Ed B adbfl- MPREFLE2L M2
(Cm-Rm)® ZigBee # :#3% # - ZigBee k& d ZEf|* Cm~Rm~Lm k& - B4

2 Cyyy Pl BRI Oy %3 E 8 30 B0 BB F R R
B Bed Bt gRan dh o O, lkciEd TR @
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1+Cme(Lm—d -1), if Rm=1

Cyip(d) =11+ Cm—Rm—-CmeRm-" . (2-2)
R ,Otherwise
— RMm

i ht ek fe fd ZigBee f%é’%?‘{ Bde o g#p e dhimpdn s 00 12 F

Bedn 5 00 B3k - B AER dehR & ghenizn Akdy T 5 4 P RER AR

parent

s n n BrEd Baora i AL (M- xCy (d)+1- 5 2 4y % o

BB E e i A FRMxCy (d)+n -

BB ) S8 B S oG qg L35 4§ coordinator 2= = — & PAN(Personal Area
Network) » #X {s router £ e gt g ¥ 5 R pEicd bind (42 5 &k % = coordinator
e router z. R chil oo B U AR EE A Bope o on e BLOZE oo T

B 2-22 #t5 o Coordinator 2 & x4 PC s> @ router P 8_% »M %

Vs A4

A 1% —

W

oI ARz R R g PN v F2812 F414% 0 id 4 0 router 342 3] coordinator #

RenE Freh e £ 18 0 8- 58 F2812 (r SCI-A #-& £ &% 5 F2812 -

18



TTL :
MAX3232 | «—|  ZlgBee

coordinator

ZigBee Wireless
Network

F2812

\ ZigBee
router

P&

X

gg&

B 2-22 4% 4 21 £ 40 ZigBee e s %
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25 B E A A WS AWM G

WEA DA RME G AT B 2-23 477 o P EA DR e 74
A FAHENFHE A dIGEL S = ) B AV R RIT A AIE(ER 2.3.2 &)
B 5 R R T AR (AR 231 &) 0 BRI F Y F2812 dr e o
FHAMWI & ¢ 7 ZigBee router £2 @R 5 i - ZigBee router § TML?JE;: sk KRy
(Bads gt B b g d]) B4t RFRPIFTN o PIRS LR FoRBPE A id

o v B R T

F2812
VN
SrEEHENIEL) || pRATARR S Eaih TR s
ZigBee router /
14 B
! BiEinsE w g
Aok R st B Rl | st Bitme |
R E R IE | | R E R IE
AL

Bl 2-23 B EAAME M ERY %
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3.1 A #7538

4o B 3L AR 0 B RS R A A AL

g o

¥=F A

75 N 3

,,v

™ 1%

~ 3w

¥\ 5

Bl 3-1 B SN B A BRI S H A

FE G FH A~ (multi-unit)

fept o #-link 1 4e joint 1404 % unitl > link2 fe joint 2 314 5 unit2 > 1zt

Wi e iofE 5 H AengEl o T O E PIHNITE 2

=

v o

w

A A I Y ;-

BESAGU AT R 3297 o At Y BRE A pE AR HARE

|+

Accelerometer ,

Unit 1

% B2 A (message) s il i 2 R o

Motor
Feedback

Behavior-based
Motion Control

+——> Action
Output

Motor Ieedback
|5 Action
. Output
Behavior-based WPy Unit 2
Motion Control
Message
Bl 3-28 %37 H o5V
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H A (multi-unit) i B 2 284 T A fE R R

(1) 7 %% 1 (extensibility) : ¥ A A3 5 — B unit £ 5 3 - B unit B »
R B A e AP IE AT unit T 0 & F e R

z o

w4

(2) #§ % t2(simplicity) : ¥ — unit g B2 e F 4 g p ¥ unit -
¥ oo & unit B £ 3% 48 message (hiBix - iz E AR o

BFoHE AR A L4

B H m;ﬁ_d A7 5 %4 #@f’ﬁﬁv:}z AT L AR T Ak AR A &
IR T o KA S ERAETH Z M RS ER RTINS F S ATHE
SRR R 8 R ISOPRE A) o ART G AR AT (7 L [18] 5 1
Yo Bl 3-3 95 o A FA EHEMES Lo WS B B ede (7o B

FAESABRAEDELS R Fampae AR Tl o d 3 LR

=

f“,—v» FK’«P\" ‘@;/Lﬁ\’}'ﬁ—“;’ ’ ﬂﬁhﬂg‘j\ﬁﬁii‘ﬁétﬁsb% ?ui‘i;"f‘]’i‘azfj‘f‘?é v B9

43 e S i o

Sensor Data

|
|
|
Accelerometer H I
|
i |
L]

!/\ Riser Climbing

Behavior
Arbitration .
By ACO Command

—» Action ,

[}
[}
|
Motor Torques :
]
|

I Tread Landing

Enable
Message
[~ ———————— = e e c— c— c— c— —
Master Token

Slave Token '—I_ﬂ ) I
Master Following

| 8 I *  Action
I o — — =

Command
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9 H ~ ek 4§ 5 master 2 slave » #-3k it master & ¢ 7 5 (riser climbing
22 tread landing) > & slave & ¢ {7 % (master following) -

LE L A AT

3.2.1 Riser Climbing # 3

Master Master

R

Bl 3-4 ¥ F A F] a3 BE (riser)w Bl 3-5 master /it 3510 % fe B

4ot B 3-4~B 35477 0 g EAL %ﬁé B AE R B F) AP > master
H A48 o I PF master 4 4 slave /LT R o r2df B4 master (i@ # - slave
£ ] master ehé £ {8 o H#xds master following 7 5 5 # 7 master ehé £ o

A5 Bl4e™ B 3-6

Master’ s behavior: Slave’ s behavior:

Riser Climbing Master Following

Command

Received? )

Command
“p”

Command =
L

Send Command:

Speed=MAX_SPEED « 14, .
Speed=MAX SPEED ~ u

stuck

Speed=MAX_SPEED ~ 14,

Bl 3-6 master [1U riser climbing 7 % 4 i )
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7+ 45l & 96 & Speed=MAX_SPEED x s, (MAX_SPEED 5 & if # + #
i) > B 44 Hok 42 (fuzzy reasoning) s % = 84 i > Tsukamoto #74% ! en= 2

[18] » dtigm &k o @ * pL 3 Fehlii  VHRMEEEEE LSS o - FH D

3 AT & TR RAF Rk 1 (defuzzification[18])iE & o 4o @] 3-7 T o

T RGBS Y EEEE v A EEEEE AL T B R IF 7 is stuck

, THEN vis max | & m (8497 F cddig ¢ £ o

IF 7 is stuck, THEN v is max

/ustuck (T) | | :umax (V) 1
1 f-——-- a--- Ip———- -———-

-/ |
WA — l

______ +— t |
Y (B I
Y AR I
/ | |
170 252 ; (Motor Torque) MAX_SPEED

(110 rpm)  v(Motor Speed)

Fuzzy Reasoning of the Second Type: Tsukamoto’ s Method

B°37 d f ek dads or 208 i 4 4
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3.2.2 Tread Landing = 3

Master ) Master

B 3-8 master ) fi>t i 4 (tread) Bl 3-9 master /L7 B R B

4o+ B 3-8~ B 3-9 #7770 ¥ master F] A Al F 3 P master  ~#-p £

ATR > R4 slave A 30 1 ﬂJﬁ“E" master & & o % is Bl4coT™ B 3-10 #7

T°

Master’ s behavior: Slave’ s behavior:

Tread Landing Master Following

Command

Received?

Command =
“pr

Command =
L

Send Command:
“o

Speed=

MAY_SPEEDx 4
Speed= e

MAX SPEED X L,
Speed=
MAK SPEED Xt

B 3-10 master s tread landing {7 % ;& i B
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TfF LRt R R B S d (75 hkR 3 omaster B < A & A= $ (¥ (action)

¥ #
2221 4 (message) i d o XA o 4o B 3-11 - B 3-12 b3 om0 § 18 B A %ﬁf

j o
d B E BT A RFFAR FIRRTASHR T @3 R 311 R/ 3-12

7]
A BT 2 BEADRZEERRR DR o 5 A PRI riser

climbing # tread landing = 7 -

Master

y
CERRRTIRASE

v

B 3-12 g pF 3 34 i7 riser climbing 7 &

B 3-11 yt pF Z 34 {7 tread landing 7

FEH AL 5SS Y LA iR F - @ 8RR E 4 [20][21] 7
%—l?&ﬁ*mﬁg—f /47\-4-11 ‘/\:"74_4/%&%: 7T ‘( %"kgﬁ%ﬁjﬁi’%ﬁEZﬁ;ﬁﬁ@

T3 o T * BB LW RADE BN A ATF T RRE > A FELAI R o d

WG OfR > W R

e

-}'fﬁ%ﬂﬁ/ﬁ_ﬁ/z‘ ’}xﬁ*;@f__‘it’ ) TR g 2T g .FMJK T f
A B RMGE B2 B AR AR NS AL i Y o AR W

""J

4 eniBBE AW S M MIRF R E O EFWEA T IR REBEAL T Y
AEHEALY 0 p ARG o B RE it > ¥ T Ak L FRRER B R

SRR ARG S EREEY 0 S HARE A BN E e FH WAL o
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Frx WBIRFRZpALEY

ALVEIRFEZ [ A
15 4% % & 72 (ant colony optimization[20][21]) 4 i€ p 22 B 7 » Bk FERR (T
FREI R PER g AR BRI - ERk S
B FUNB BRI c F R G 0 B LS PR L ok A |48 (AR T
G e v ey Fp AFELFRS > § LEABRRAT TR DF RS
» H s

SR BB SRR P B § AR

(pheromone) i % 3z 55 o F|pt

—

ARk §RIED B R E TR BRI A A €/

R L ARTHEL 0 F T b 4 T B CERLT o 7 R Bl4eT Bl 4-1 4 o

Pheromone
trail

Without reinforcement,

A pheromone evaporates.

Bl 4-1854k7% & 2 7 L F

BHARIE B 2 iR BE AT B 5 U4F end R in 4 (exploration ability) o b5k F B 2
fofaed REARY ISR E F X § BRSPS E PR iR L%
F QTR IS (UREFAT) o d WA T iR T R ET

T ko FP R F A Fax =X i fR(sub-optimal solution) ¥ o ¥ ¢h > TRBL A 4 g1

EREEfRCRPF o R4 L B  §RE[21] -

a
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R o WBMRIT R R BE AT > FHORF A E AP LAEHT IR
Ffo ? BA BB AR VE RO o § B IE VILRBREEL - %

B A Z 2 4 A 520 S (sequential training o 39 4.3 &) ¥ 2 o

4.2 M5k E B 2217 Master 4 4 eh{7 L 548

Bt o A PALAEATIRIT B2 0 BB AR N o F A
master & ¢ Al & > 14 5 RIVR2~ ...~ R57 B R > 4o B 4-2 #77F o
75°

45°

15°

:

-15°

-75°

Bl 4-2 A LA T B

SRR Fede ke - SORIR R A IR G 45 F B - BBIK € 1395 P w0 b A

T ERE S P ek RLCR2--2 RE o id ¥ Mheb (5 0 ¢ 4995 & (FRL /0T

<

RRFEROBIEFERFLIENFRETRRALR ORILOREY TRILF

4o @] 4-3 #r o
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\
Pheromone
Trails \

Inclination

|
Candidate |
Behaviors :

Climbing

———— — ————————————— )

Bl 4-3 NiBikFE 2 FF SRR T B

RIS 3 N B R wt - i p(t)w ESN I A I N I

LRSS e ik E Ok R PR @)
R ()= F’hu(t)/ F’fhk(t)

,”’\m/j—ﬁ\l}i;%\-pé\lb ’j‘g‘r‘lp

M deT 58 (4-1)

(D)

G PRI D 5 HIRBR R AR

Moo P RTERE R R RR o P AT LATIT 34 (4-2)
Ph; (t+1) = Phy (t) /b +ax (1 - s (4-2)

bt eantiddas piasatens oy b ALAERE  FlAPER

Bl mAEE S AR RERE 4

—’\L”ern—hag = TR A IR ey A (F) A en

RV R UATPRPRL - Ra o ol beaird 3 LH(E2 ik

FRE)HPAFLATTREH L - 527 {FELE%REY - 2 D vk

g b# A

ertEHED S 231> a5 100 -
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4.3 11 B 73 CWERF S R

dONRERRE B2 G E RS e TR 4397 0 A 105 B
AL BX2BHEEFTZ)EFRAFRAFEEFRG R AR T2
BEAZE R SHR Gt  n ERAIRPFREE - LF 57 5 b
(p-39) » &% — =3 pE 37 30 ) ~ Az 30 4y 0 # I 3T 80 fyh s bR
RRFER A E R AL P SRR B L c FERBHE L LR S

AL SR E A RS E e S X F BT R 44 W 47 %

=2

DR - R R TS

5 5UPR 5 I iEAR

B 4-6 "R S FFiEAR B 4-7 5 JR S FiEAR
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Flt o A DT R 2P r(sequential training) > 4L 2 o 4T
o 41477 s JIH PR ELKRFNFE L F A AT A
AR EHRFERF RA4cB 44 2B 4T ZEOER & LR
WEAFILARE 10 fy48pF > B2 WBARFLFEAES 2
Mg Y AT

413 AL REFDE LR

Riser ... Riser Tread ... Tread

Climbing Climbing Landing Landing

Se o 3 B Bu(sequential training) is o BERE LB MR B 2 (7T A R a0

RAZ 4T [ 4-8 4T o

Initialize Pheromone

Trails

Choose Behavior Output

Probabilistically Sequential Training
According to Pheromone

J

Update Pheromone Trails
by Motor Torques

no

equential Training Over?

B 4-8 SHERIF B2 7 5 453 40~ B AR R{S el A2 1)
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YRR B iE e r B RiE B AT
Stepl: d=dait %t 5 o
Step2 : *|%7¢ & F1A > & FIAR BF LT HE -
Step 3 : H¥TA_F F1 Az 10 4) > F LAIB+I step5 - & 2 PlaF AT R
step4 -
Stepd : U it FRAPBI IS ERGFT L 0 BT stepb -
Step5: 7 B 7[R o
Step 6 : 11F 5 EREFALITH LT o

Step 7 : H|¥r AR ET S L F B step2 > F 2 Alphw step 4 o

440G R FRE R ERB A
Yo B 4-9 4T o MOMBIRIE B2 BRSPS 0§ E L R

JERFFL BT A2 HERRT - LEBEL AL PP & LY R

-

—%2 o

Execute a behavior Update
probabilistically > pheromone

No

B 4-9 L A7% i 5 A

- k> gféws\l%lr"flﬁ] 4-10 IR § o F S BA S d K PF angiE o B30
P F) A e inis > Whd FIAR 2 AFLa7i- g o ‘,’ %"—J gfgfén i E
£ 5] i it B 7R B kA -
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stuck <> not stuck

»

pheromone

v

¥ R IR E FlAede ik e kR

¢

B 4-10 gd B ¥ ¢

FELZE L (4-2) 0 phy(t) * & enEd 2 B PIR AhiS 5% 0 F phy(t) &
Ko R A R - R S SRR PR L FRLLGRE
FMEYFE T F BRI FRE o W AR REL F A B L o 4o
B 5-7(p.39)#77% » % = ~ & K A JRPFF AR S 2 =% 5 A e (F Sk
5.1.1 &)

SRR A R AT Rk F 9 % (pheromone adjustment) s ] o 0T
4250 AHTRODPEFAE SN 0 R A LS T (B B
# 5 =3 R3» w-15° ~15°) % tread landing 7 5 B & ch A F# 2 3 250(250
B RRFAERTOEFER 0 A& B BIRE) o riser landing iy kR £ R
I RPRFERARB VRAEI DEHFFREFLATTRES T 2o
FRERG S FEY SHRAR e - ko A SR RARBRESOTERYE R

TR KRS VIS 0 b A JRPEF AR - K o
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42 EFBER

inclination R3

behavior tread riser
landing climbing

pheromone | 50 > 250 30 *150

BB A F AR BT E o AR AT B 4-11 A1 o g B E A R
FIAZE S F) PP B SR F]APF (R AP BRI F A A £ R F T B
BFDEBH O MR EARDEFZER > REDFLEHRAH -

Execute a behavior
probabilistically

Update pheromone

Not stuck for
over 5 seconds

Adjust pheromone

No

Bl A-1L 8Bk 5 2 B 4 % 2 5 2 AR AR )

&
Pt
=]
o
pre
by
y
o
R
<l
—‘\3&\9«
a)
3
=]
o
I
-
o
-
-

Stepl: 2|%73 & FE > FF LRI stepd > & 2 PlaF /L™ (7 step2 -

Step3: L ATF % Hrwostepl o
Step 4 : 2|48 FAZES ) AT > F AP F LT 7 steps F 2 Plprw
stepl-
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BARY 0 F AL RBEMRTE A EY gtk o KA BEE AT
Fe A P m o B R 2 a2 0 87 A A SR AE R 0 XS A
SPRPER (FLE 5 AR TR R R 2R AT SREB B A L7
WEEEY R EIRE A0 F o L o r BRI BRER FDRATE W

e GRPER L AL b B AR BT AT AR LN LY F

BF ooz S B BREAIGYE SR L LR B

BR A5 W3 A5 4T 0 o eAf SR b A

o

-

513 S4B SRS
YT R 5l ArF o b TR RSO T g cfy ) O EBE A
TR P AR SPE o F IR T B 529 0 H - RS RS E AT
- ARG RO L BT R RS IR PR e YRGS - P %o
FHRERE > WILIrEYEE > LT X F %R F 2> 10 F &S

TELF
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Bl

B

FE=KR

Bl a5
AR

SETEERR

EutEGll oy

R E R

W 52 MU S E ST R R

v

NS Tsse




511 RdsdBik w52 F 55 2 %

WO A1 R A SR S 2 B Y RLR [ PR B AT 0 b B 5-3 1 ] 5-6

’:'l—f‘-,:r o

Bl 5-3 n PR o FFiE AR Bl 5-4 5. R - FEiE AR

B 5-5 5 R 5 FEiE AT Bl 56 5.k & FF A
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RRPE I T R e

+
~

5-1 477 o o g

+
~

PGSR R - SRS R AT & o AT BRI 4o K] 5-7 1 e

% 51 RASBEMRIF B 2 SR T TR A (H 0 f))

el 2] 4
%= K3 fﬁ

S SRS WY I
% 2 =X \’:"ﬁﬁ

A = =204
‘)’ = -k ‘aﬂ'vﬁ

el L P
% W =X g)l'\éﬁ

¥ - %Pk 21 10 9 11
EE - 77 10 11 12
Yz 9% 18 10 12 10
P §- 28 13 32 18
PR §- 22 11 7 32
¥ Pk 17 11 9 15
S T 25 18 11 13
RN -§ 15 10 10 9
PR 25 10 35 8
LR & 35 9 20 55
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BN ERLAS F R BRI OE L SR G Fp A% ¥ B R

Conquering Time (s)

80

70

60 -

B 5-7 R hedBik b 2 S

Run

Ve
% Fu

PRB 5215 B

BFer? (mfick A 45 o FUIRPER e Bic it i X 43 o™ 4 5-2 1T o

% 52 RAsIBURIT B 2 STE LR S TR H 2 f)

53 =2l 4
¥ — =X {:)]' ‘ﬁ

A - 24
EE A

A5 = 2] b
‘)’ = A \’:)l"éﬁ

¥ =R

TioE 28.3 11.2 15.6 18.3
vk 22 10 11 12
L 19.01 2.65 10.55 7.34
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"~

TR 578 R B2V A Gd B - PR o SUIRPFR end T R b

5506(d % - = IR 122 ) 0 H S F D P BENL0 ) 0 G T A R AT

(1)

()

R LR EE B A 51 SRPFBEEF 774 554 - 35
PrEE A (L FEb A) 0 o ML R %20 30 ) enlin » %R G S RPE
BB E)eniE o pv 2 d 30 B SLBuRw B R S T L e B g
e R N R R i A

FYFocs P BRZE 5L "HERY e R FLB%R 250
o0 F 2 A w RPIRAGIRER S F - IR g 0 BLE A
-2 A F A ¥ PVRPEIRPER iR L 0 L3 E - Z9
BALY - R R A LR RI(-15~15)p 0 & B 17 5 hf it §
REPF R it he T B 5-804am o W IR 5 - P U= & {8 tread landing

Rk FRR T B T RE AR o dopt - ko i 2 e

X

BEBERA IR ANGRAH(RELL 44 8) > ERIGE S S

A

WS 0 SRR F G M R g o

1stRun 2nd Run
Pheromone Pheromone
300 200
250 I
200 1 r\ z v k) —+— Riser
150 ‘L ’—O'—RJSEIC]LII]bLﬂg 55 j Climbing]
1 TR —— Tread Landing - i —»— Tread
1ad l.‘ J[ e Landing
<0 Ly 50 |
0 L L B
]
1 & 1118 21 25 31 38 41 48 $1 56 &1 &8 1 5 9 13 17 21 25 29 33 37
Sarmple Sample

¥l 5-8 Tread landing 7% 7% % % i
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5124 » BAPRA %S5

4v ~ B 730 (sequential training s = j2 30 4.3)18 > S PRPF R Tl 4o T £ 5-3

ST o BASUBIRIE B 2 2 e r B P U B 4o ] 59 4T o

F 534 » BRARRIS L R

ERE N S SN S SN SN S §
- P 26 15 11 20
- 21 19 20 12
%z P & 16 21 18 21
bR % 10 19 11 20
Y1 K[ % 17 20 11 13
E - 20 16 28 25
%= X F %k 15 16 15 20
EIRE - - 16 20 20 15
4 X F % 15 14 20 14
b LR % 20 20 27 21
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©
S

@

S

70 70
60 60+
2 5ol Z 5t
£ £
= =
2 40+ 2 40
g o B
8§ ™. Average 8% %
zoE N 4 204 # g L4
i i & ¥ v B
10+ § 104 o 1
0l 2 é 4 01 é 3 4
Run Run
Without sequential training With sequential training

B 5-9 F & B 713" H0 5 FE U IR PE L R

d FB 59T A 5ATER AN BIPRS00 F - VPSR
BRI S B AR R( R4~ B2 PIRIF 0 % = S 0 eh T 35 R R 5
283 %) 5 dex BAVRIS o T IESREER B S 1764)) 0 B pFs d 3% - S
ﬁﬁiﬁ%@%ﬁﬁ@’ﬁ:~3\mﬁwﬁ%iﬁim%@ﬁﬁ¥—ﬁwﬁg
5ol B LR RAGEIRIT R BB S ARV S FE PR ARE L
Yo T AT s TR Ao X BAVIRIS 0 B - 2 2 s e R R R L35
PR AEF MR o H = s DR PRPEF R L > R ARA R - =

PR T2 B R R RAR G A

4054 SEFRIRBERTHEEREL) Ei )

1% run 2" run 3" run 4™ run

\Without sequential

28.3 (19.01) 11.2 (2.65)  |15.6 (10.55) 18.3 (7.34)
training

\With sequential

17.6 (4.35) 18.0 (2.49) |18.1 (6.23) 18.1 (4.28)
training
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5134 » FRFAERHKRES
4v » 7% 5 9 % (pheromone adjustment > = % 3R 4.4 &)1 o SUPRPFR R

40T £ 55 13 o RASEEEEE B 2 224 2 B AR di o 4o B 5-10 AT e

% 554 RIOEFREL 0 SRR TR (H = )

BRI S S FHEE e S E I U
- A% 23 12 11 13
2R & 31 8 15 12
¥ P %k 36 13 15 19
b e R & 8 24 12 18
EEEN 8 15 12 21 14
A% 28 10 12 15
Y 14 15 15 11
RN 26 9 13 13
Y4 % 12 15 12 11
LR %k 21 11 20 15
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©
=}

I3 -
=} S
==
@ ~
=) =)
T T

Conquering Time (s)
B wu
o o

Conquering Time (s)
5

Average
5\

w
eSS

s Average

N
=)
™

<
<7

e

Without pheromone adjustment

With pheromone adjustment
§]510}i ‘/F'?F% Fé’:’ 5 EEE:LFRB%F'&LLﬁ*

FERFREFAERE DI RRPER Y HEREL L RAeT £ 56 AT o

FHER e PEFAKS B2 e XYL RERREL 97 § 40 F

CXVRAEE L TV VRIS~ R PREFER T oE e Y 8cE A

AN

Vip A d A AU PRPFR G S IR RN R FP R = s w PR

RRPER A AR D A 0 B R B AL o T LB YR ok B AL okE g

% 56 AR RPER Y (B L) Hix o f)

1st run 2nd run  |3rd run Ath run

\Without

22 (19.01) |10 (2.65) (11 (10.55) |12 (7.34)
pheromone adjustment

With
22 (9.05) [12 (4.53) |14 (3.44) [13.5(2.73)

pheromone adjustment
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514 Sreg ks ] 2
A& RS R R E ) BAeT
(1) RapdBigim 2 ¢

I. PEA LIRSS AR Y o B S T AR 55% o

BEFBREIRPFFEL(C0H) SEY F ok (KEFY
o SRPERE A L)AL
(2) e AR
. % - KPR PRPER P BoR 11 o
i B RARBS IR B2 AR 0 F S UL RPE AR L 35 )

i, EEYFE TR RARG A

X

(@) der FREFRE

s

L R e AYBNR R R L PR EARE R - X BV R

sk 4 sk i) -
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523 HBE A NAR L BT RS
A e S FF e A5 ) <t e B 5-11 A7or 0 5 B Se U PRE AR o Al

A G SFF o AR B BRI A4c® 5-12 #1o7
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