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Test Sequence Generation for External Event Driven Systems

HIroNORI TakAKI T and TATSUNORI HASHIMOTO T

We have developed a method for generating minimum-cost test sequences. These test
sequences verify the existence and the destination state of each transition in a control
specification for an event driven system, modeled as a deterministic finite-state machine
(FSM). Testing time as well as length of test sequences may be used to estimate test sequence
cost. We confirm the destination state for each transition with the UIO sequence (Unique
Input/Output sequence). Our method reduces the cost for test sequences by overlapping these
using 1) the minimum-cost UIO sequence for each state, and ii) the minimum-cost UIO path
between each state. We compare our method to other methods that also use UIO sequences
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and show that the cost for test sequences generated by our method is less.
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D) EDUIO RN ERAWRIE L WD, HE0IE

i) EORFIEERNET I VOn
DIARE T S REREN B - 7o,
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U, DIk, Wi, BRLRELHET 2201
BV 2RINB L OZOERFENRERS-0, BHT
BeZs FSM O#IFH, Epk & 12 RERRTE, B RHIE |
BREVD LYY, Z I TEBTIE, IHSD=20F
HEOh TR MEBATRER FSM O &L L, o4&
B E N D REEREE I ORI M D PRI R TE W &



1458 AL

0/0

1/0

1 UIO 5% 727w FSM Ol (XHEk4) & D)
(IREE A 12 UIO R % 7272 1)
Fig.1 An example of FSM, in which state A doesn’t have an
UIO sequence. (extracted from Ref. 4))
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COST (v, vi;ai/o) THET,

AFETE, UTTESET 20MEFCZY T 25
B, ZEL20EBR LML TS,
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2 SBERIFCEET 2B
Fig.2 Example of transitions that satisfy separate
condition.
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a) UIO RIIThH 354,

b) UIO Z57s D 2 e wniBa,

c) B/ A RO UIO RN 2 Z 2 nwigfy, 771
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BRREHIBIRE T 2 b DIBE R, F DRF DR/ X
FOUIOZRFE D B & DI FHBKEVIEA,

(2. EfEA]

G=(V,E) & En 25 ERE, HEEFCEYT
DEBERBDESE EFULRWEBDES B Zb
%,



Vol. 36 No.6

[3. UIO &gt
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S1 a/x * a/x
S2 b/x
S3 aly * a/z
S4 b/z
S5 ajz
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Eoe' ={(up, vi;ai/ o0

(vi, vi;ax/01)EEoe and up=CP(v)}
Eow ={SUP(v,, up)|

SUP(v,, vi)€Esuwp and up=CP(v;)}

BRI 7 7G=VE)»6, V¥=V,E* 13 Es
UEe WEEH28ER % 1L, Ew KEEN3
BEETEEEGA, DO E Iz h2BROBI 2+
PER/INTH D L5217 7 Gr=(V* E*) 2ERK
9% (FEMIESCER 1) © Symmetric Augmentation 2
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E* 95 B UEe KWHEENEZERE2EL—DF D
B, TOBBEEE Eus &L, TRUSOBEBRES
% Bunorg=E*—Eog TIEZET 5. Eorg ZREBWRER
DEETHY, Euwore BZFNLUNORTRT S 7129 2
72DEMU I ERDEESTH S,

Eunorg % & £ 12, SUW)vEVUU)(Z 2 TwvEV,
wEU, u=CP(v) THh 584, SU(w)=SU(v) TEFE
EN2) BRI L M8 0 Algorithm 3 2w T, IR
B8 Vae 2 S WIHPREEAN O TR E 2 B B sea KD
5, MW7 Z 7 G* &6 FRERBRRY sue ZHIER L
TCCEREBRET T 7% G &7 5,

TEELRVNERD 272D DEERFE 2 U T T
E

Symmetric Augmentation IZ B TR T 712
THLOAMUEBR B HENC I D, WIRRRAE
5 ZDERD S % FAWTHRERRAKI A N DERR

M SR T TNF B S A IS N B
(C) ;".I‘yf\y"7-7 G* (=Gopt)

r-cly ra/xcl/y bly b/x-aly-ajz-
a/x - cly *bj/z * aly *+ bly - aly - a/x * a/x

(d) AEmIhzRBRRE
(r XYty PR

3 FEOHERAF Zo1
((a) a3 & b)
Fig.3 Example 1: application of our method.
((a) is extracted from Ref. 3))
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State UIO Sequence

S1 a/x * a/x

S2 b/y

S3 b/x - ¢/z

S4 b/x - ¢ly .

S5 /z e HET S 7T B DI MEN-BE

d) M#HISI7 G*

(b) FHRREICHT B HAT A OUICRF!

P
Y\ bry

\ \a/x
UP(SS, &\') \

(¢) 777 Gopt

r-a/x - b/xbly-b/x-c/zcly b/x:cly-
a/z - b/x - b/x *afz + a/x * ¢/z - b/x * a/x * ¢c/z
(f) LS 7 RER R
V ={ S1, S2, 83, 84,85}, Voch= {82, S4} (rix) -ty FRH)
Eoc = { (82, S5; a/x), (84, S5; a/x) }
Esc = { (S1, 81; a/x), (81, S2; b/x), (81, S4; c/y), (S2, S3; bly),
(S3, 85; b/x), (83, 85; c/y), (84, S3; b/x), (S5, S1; ¢/z), (S5, S4; a/z) }

c) BB/SI7G

SUP(S1, S4) = SUP(S1, S4') = a/x - ¢/y SUP(S1, S2) = SUP(S1, S2') = a/x - b/x

SUP(S2, S4) = SUP(S2, S4') = b/y * b/x * a/z  SUP(S2, S2) = SUP(S2, S$2") = b/y * b/x * ¢/z - b/x
SUP(S3, S4) = SUP(S3, S4') = b/x - a/z SUP(S3, S2) = SUP(S3, S2') = b/x * ¢/z * b/x
SUP(S4, S4) = SUP(S4, S4') = b/x - b/x + a/z SUP(S4, S2) = SUP(S4, S2') = b/x * b/x * ¢/z * b/x
SUP(SS5, S4) = SUP(SS5, S4') = a/z SUP(S5, $2) = SUP(S5, S2') = ¢/z * b/x

Esup = { SUP(S1, 82), SUP(S82, $2), SUP(S83, S2), SUP(S4, S2), SUP(SS5, S2), SUP(S1, S4), SUP(S2, S4),
SUP(S3, S4), SUP(S4, S4), SUP(S5, S4) )

U={(82,84}

Eoc' = { (82', S5; a/x), (S4', S5; a/x) }

Esup' = { SUP(S1, 82'), SUP(S2, S2'), SUP(S3, S2'), SUP(S4, S2'), SUP(S5, $2'), SUP(S1, $4"),
SUP(S2, 84'), SUP(S3, S4'), SUP(S4, S4'), SUP(SS, S4') }

(8) &B%8E, BERFOEK

E4 FEOBERBEZD 2 ((a) >R L D)
Fig.4 Example 2: application of our method.
((a) is extracted from Ref. 1))
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SEERFICEES T 2B R e LT 5, IRHE TAIL (e)
RIRET 50 2BERV s L TH, BBRSR
Gl e-s td UIO RINCiZ 7 & 72 v,

I 12 X VB HTH B,

(REBHI)

(¥ 2 | (2 =— 7 BRI

SR EE LB e, REE TAIL(e) D
UIO RINEAFINL 72 B RS e U(TAIL(e)) 13 R 78
HEAD(e) #1383 % UIO 251 TH 5.

(FE8A 2 JBR e=(vi, viau/on) & T 3, BIE e 358
FHCHEL LB BB TH 270, KRBy, 2EEE
L,a/ot BAHTIA NV M ELTH DOBEROHESIT2
=7 EHREvi HRE S, U(TAIL(e) 32 =—2 7%
RINTH LI, BERY] e U(TAIL(e)) b 22—~
TH5. > 7T, e U(TAIL (e)) 13IREE HEAD (e) ¥
W5 UIO RY x5,

(GIFEAR)

[EHE 3 ] (OHESIT Y Lz WBR ORER)

DSBS BN L nBED» & 1 5 BE R s 12,
JRAE TAIL(s) D UIO %5 %N - 8% 2% s - U

LR A > N ERBIEL S X 5 A D SRERRT A R F ik 1461

(TAIL($)) i, sWEENZTRTCOBBOEES L
VBB AIRELERT 2B RAVITHY, »oRkEE
HEAD(e) #8343 UIO R¥ITH 5.

[EEEH 3] s=e ez -+ - en & L, siZ TAIL(s) @
UIO R u ZERE LB R errer - rencu #F 2
5. EHE2 XD, enuld en DIEFELEB & U F OB
RELHERR 3 2 LA UIO 5 & 7k 2, [FEIREK, en
“(entu) 1L, enoy DTFIER & % DBERIREE 5 HEH &
% L FEIRFIC UIO A L 72 %, ZHh 2BRINCEA 4 2
ESEM 3 ASER D 3D,

(FEHAAR)

4.1 BEX®I-T I & DR

TELERRTIHIRAEIE, 757 G* 044 T —FF
BORA EEED—RT B4 5 —/NE) B 2 S
W, 1)EBREWMEL, ii)Euwr: KEEH, 2Diii)
DR OWITRE O, BERVIZI DR 2OWT,
Eug CEHEN 2 BRIIHBEHRBE TH Y, Euore 17
BENDERL, REHERRID 2 v I35 R
Y% HEET 27:0DBETH B, #0729, Euerg 105
ENDEBEREZID BT RBREBERNEBR L2
Z &Ry,

KPR 7 7 ERDBRRIZHE VT, Ee llEEh 255
Bl EL WEENLBER TEREI NS, B, Euw
KEENDERIL Esw KEEN2BER TEREANS,
INEEELT, BT 7 G »oROSNL 44
7 —/NEZEENLEEBR R, TDOS 77 G=(V, E)
ZEEns,

i) DBEERMCENET 28 eSEo

i) SRS L 2 WER e SEx
BEU, FEORPCEL L,

iii) FHhax b UIO ##E eswSEsuw
ey By 7 LT, FHERTET &,

(esclesup* €oc)™
TRINS, ZOBBRINOKED UIO 2%0% u &3
%, HEANCKRD o 5 S ERRTIL,
(esclesupeoe)u
TRENDG, V97 GOEBER esE 1L, LD e B
EWec DBTNDLDENMCASL, RS NIRBRD
SNCIZLAT @ 3 BEO RTINS HABRTIE LTE =
na.

1) esct e BB WIT et u

2) ewcresc e BBV T eocreset U

3) €oct€sup B BT oy

1 DR, BE3 LD et KWEFNETRTODE
BOFEL L U2 OBRIRE LTS 2 R¥ITH
D, DO UIORINER D, 2DRINZ, e esw D
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Wi e U DERD B L DRI EBUTH S Z L n,
&J:ﬁinég@t%@emmﬁﬁﬁxﬁ%@%%
SRIREERFESR T B RH & B, 3 DRFID eoe DIFE
kiv%wé%%%%%%%?%%ﬂf%éztm%
S0 TH2, [oT, MELLFIBETEREINLHE
ZAi3, ECEENBETRTCOBEOHELEBLUZED
BRIGIRELPHRT 2RI 25

(RIERRHE)
42 & 1 &
BUF T, FSM W& 2 1 2 REH8 0% n, BB %
m, EEDODLREEHR (H2VIERA) LT 28

BHOBAMEE dnax, SFET S 7 G¥ 2B 5 3BT
SEBEBLSN OBEBRIE mo, BIET T 7 Gow DEBE
B LT, ki, fBROZETNTIXACBNT,
/N ZANDRY s b Dvertex BEKEINDSET
I vertex DEME N B TABE puax £ T 5.

1@ UIO RFEH O, On®pmaxInax” ™) O
SRR BTEILT 5, 2 OEBREER O,
O dmaxn) OFFERENICEIET 2, 3 0 UIO ik
HORIR L, OO0 praxduax2™™") OFFEEFRN T
B, XEADICED, 4 ONFRT T 7 VERR DR TR
EHHE, HhArWVWEAY PV =270 —T )T Y XA
PRVTSENAS —F —OHERENCELET 2, 5
DAREERZTIEIBOMIEIE, O(npmax dmax(log:n
+me)2™0) OEFERFEMNICEIEST 5, 6 DA A4 T —/
EERONIRE O(m') OFTERBENCELET S, 70
SRER RV H OB ORI S 2 Th 5.1 T,
RELFIBEONE TN TIFIET 5,

(GIFEAMR)

5. FF i

5.1 SRERMVEHE

£Fg OKFE, Uk, SUIOHE, MUIOE, B4
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Fig.5 An example of FSM, in which no transition satisfy
separate condition. (extracted from Ref. 6))
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Tablel Comparison of each method in cost.
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WTDRAATHSD, E7NTY RACEWT, OPEN
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ED GHREHERET 57200 vertex DY X b T
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Definition:

V is the set of states in FSM.
E is the set of transitions in FSM.
n is the number of states in FSM.
COST(s), where s is a sequence, is cost function.
SP(vi, vj) is the minimun-cost path from state vi to state vj.
TAIL(s) is the final entry state after firing sequence s.
SU(vi) is the minimum-cost UIO sequence for state vi.
MAX is the sequence that have the cost more than (maxmum-cost of one transition) X 2n'+1.
null is empty sequence.
vois initial state in FSM.
let a vertex gs be a tuple <vs, Vs, s> where
vs is the state that results from state v after firing sequence s.
Vs is the set of states that are reachable by s from any state other than v.
s is a sequence.
let a vertex hs be a tuple <vs, Es, s> where
vs is the state that results from state v after firing sequence s.
Es is the set of transitions that arc not traversed.
s is a sequence.
Eunorg is the set of transitions which replicated from the corresponding symmetric augmentation.

The Sentence between /* and */ is comment,

Algorithm 1
Minimum-cost UIO sequence generation algorithm for each state.

) for each state vstart € V do {

2) put a vertex gstart = <vstart, V— { vstart}, null> into a list OPEN and a list VISITED;

3) SU(vstart) <~ MAX;

4) while (OPEN is not empty) do {

(35) remove the vertex gs = <vs, Vs, s>, which have minimum-cost sequence s, from OPEN;

6) for each transition of the form (vs, vg; ak/o1) € E do {

(@) s' < s - akfol;

®) Vs'  {vq | vp € Vs and (vp, vg ax/or) € E};

) gs' < <vd, Vs', s>}

(10) if(Vs'= ¢)then|{ /[*HE%bs IZUIORFITHS ¥

(11 if (COST(s") < COST(SU(vstarr))) then

(12) SU(vstart) <= s';

(13) Jelseif (va € Vs'ythen {  /* B 7% b s IRUIORFNC 2 ) X e\ ¥

(14) continue;

(15) }else if (F gt = <vi, Vi, > € VISITED such that vi = va and Vi = Vs') then { /* -
b s & ECIREEHIGIRED & b DBB RIS H DD o T b ¥/

(16) if (COST(s) < COST(D) then { /7% 5 s DEEERL THHRATA L

DUIORFNC 2 Y 2 %/

a7 replace gt with gs' in VISITED;

(18) if (gt exist in OPEN) then

19 remove gt from OPEN;

20) insert gs' into OPEN;

@1 }

(22) }else {

(23) if (COST(s") < COST(SU(vstart))) then /¥ Bt s OEPERL TR

IA MDOUIORFNC 2 Y Z A\ %/

(24) insert gs' into OPEN;

(25) insert gs' into VISITED;

(26) }

27 }

(28) }

(29) if (SU(vstart) = MAX) then

June 1995
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(30) SU(vstart) <= "no UIO sequence that have cost less than COST(MAX) for this state";

6y )
(32)  return Vvstart € V, SU(vstare);

Algorithm 1 Q& &

(D-CREA2EBEYEEINS, (4)-028)1
OPEN 2¥ empty 1272 % £ TEZEED B LUELD By
5. OPEN N7z 5 BERIEME N2 DIZHKR Duax
2" ETH D (R X n— 1 HOREDESES
DA 72", =2 DMAEDEI DX prax BD
BITE/NAX MDD vertex W RD SN B EIREL
72). (B EEK loge(n2™™) 25w Fian %, (6)-(27)

Algorithm 2

WK max EIEED IR E NS, (8)D Vi DERIE # X
Tv T, (IVBERn ATy s, (15)1F
B&Klog:(n2" ) 25 v P, (24), (251 5 FAN
loga(n2" ") A5 v Fivhn %, f-7C, Algorithm 14
BOHEREIUTO LS 1n 3,
O(npmaxn2” (loga( n2" 1) + dnax(n -+ loga(n271)
+n+log:(n2"") +loga(n2"))))
= O(1*pmaxGnax2™ 1)

Minimum-cost UIO path generation algorithm from each state to state v.

()] for each state vstare € V do {

2) put a vertex gstart = <vstart, V - {vstart}, null> into a list OPEN and a list VISITED;

3) SUP(vstart, v) <= SU(vstart) * SP(TAIL(SU(vstart)), v);

4) while (OPEN is not empty) do {

5) remove the vertex gs = <vs, Vs, s>, which have minimum-cost sequence s, from OPEN;
(6) for each transition of the form (vs, vd; akfor) € E do {

(@] s' <= s+ akfol;

®) Vs' <= {va | vo € Vsand (vp, vq; ax/ol) € E};

) gs' — <vd, V¢', s™>;

(10) if(Vs'= g)then { /B b s FUIORFITH 2

(11 if (COST(s") + COST(SP(vd, v)) < COST(SUP(vstart, v))) then

(12) SUP(vstart, v) <—s' * SP(vd, v);

(13) }elseif (va € Vs'ythen {  /* B2 b s' lBUIORFIC 2 ) 2 v %/

a4 continue;

(15) }else if (gt = <vt, Vi, > € VISITED such that vt = vdand Vi = Vs') then { /* I

b st &R CIREEHIGUEE I % D D BBRTIVA O - T b +

16) if (COST(s') < COST(t)) then { /&% b s' OHEFFERL THHAT X L
DUIORFNZ 2 1) 2 v ¥

17) replace g: with gs' in VISITED;

(18) if (gt exist in OPEN) then

(19) remove gt from OPEN;

20) insert gs' into OPEN;;

21 }

(22) } else {

23) if (COST(s") + COST(SP(vd, v)) < COST(SUP(vstart, v))) then /* &7 b s' D
FERRLTORNIA L OUIOEKIZ R Y 22\ %

(24) insert gs' into OPEN;

(25) insert gs' into VISITED;

(26) }

@7 }

(28) }

29 |}

(30)  return Vvstan € V, SUP(vstart, v);

Algorithm 2 OEE &
Algorithm 1 LAz %H 2 3 &, Algorithm 2 £k
DEFEFEIILUTO L S5 2k 5,

O(npmaxn2"*(10ga(n2" ") + dax(n+ loga(n2771)
+n+logx(#2" 1) +loga(n27"1)))
= O(Wspmaxdmaxzn—1>
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Algorithm 3
Maximum-cost useless sequence generation algorithm.
(1) put a vertex hstart = <vo, Bunorg, null> into a list OPEN and a list VISITED;
2) max_cost «= —COST(SU(vo});
(3) hdel <= <vo, Eunorg, null>;
4) while (OPEN is not empty) do {
(5) remove a vertex hs = <vs, Es, s>, which have maxmum-cost sequence s, from OPEN;
©6) if (3 (vq, vs; akfor) EEs) then { /* H7% HARTE vs 22 DR F AN /2 EN S EBH D B
B bW AR EN BRI LV Y

1) for each transition of the form (vd, vs; ak/o1) € Es do {

(8) s' < akfol - s;

9) Es' <= Bs — {(vq, vs; ax/oD};

(10) hs' +— <vd, Es', s>}

an if (3ht = <vt, Et, t> € VISITED such that vi = viand Bt = Es') then { /+ E7% 5
S ILETND BB LA LER L FUERR « 23T TIHERFE A +/

(12) continue;

(13) } else { /e R va DI R@EHIOBRRT DLEDHY #/

(14) insert hs' into OPEN;

(15) insert hs' into VISITED;

(16) }

an }

(18) }else {

(19) if (max_cost < COST(s)—COST(SU(vs))) then {  /*E%Z 5 INTTOHRTRK

IR DBBRFITH B *

(20) max_cost < COST(s) — COST(SU(vs));

1) hdet < hs;

(22) }

(23) }

(24) 1}

(25)  return vdel and sdel in hdel = <vdel, Edel, sdel>}

Algorithm 3 OFE&E
(4)-(24)13 OPEN S empty 127 % £ TEE LG
DR LUED it sd, OPEN ~A#- R ERIEMNE 1
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= O(#pmax dmax(logzn + mo)2™°)
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