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JOINT DISTRIBUTIONS OF WAITING TIME RANDOM
VARIABLES FOR PATTERNS

Sigeo Aki* and Katuomi Hirano**

Exact joint distributions of waiting times for two patterns in a sequence of ¢-th
order time-homogeneous Markov dependent trials are studied, where the patterns
are not necessarily assumed to be distinct from each other. We prove that exact
joint probability generating functions, which are regarded as expectations of the
corresponding random variables, are derived through calculating the conditional ex-
pectation based on conditioning by the sooner waiting time and the pattern which
comes sooner. We also give illustrative numerical examples in order to demonstrate
the performance of our results.

Key words and phrases: Conditional expectation, discrete distribution theory, dis-
crete pattern, generalized probability generating function, waiting time.

1. Introduction

When we are interested in waiting times for two patterns which never occur
simultaneously, for example, the waiting times for a success run and a failure
run, we usually study the sooner and later waiting times. In this case, we can
readily obtain the distribution of the sooner waiting time and the conditional
distribution of the later waiting time given the sooner waiting time and which
pattern comes sooner, and hence we can derive the joint distribution of the sooner
and later waiting times. However, if we can not assume the above condition, it
is not obvious to obtain the joint distribution of waiting times for two patterns
from the distributions of the sooner and the later waiting times. We propose in
this paper a general method for obtaining the joint distribution of the waiting
times for two patterns. In our approach, the sooner waiting time also plays an
important role.

Let S be a finite set and let {X;}?2; be an ¢-th order time-homogeneous
S-valued Markov chain with P(X; = z1,..., X, = %) = pgy oz, 7 = 1,2,...,4
and P(Xi+g = Ty+1 ‘ Xi = T1y... ,Xi+g_1 = xg) = p($1,~~~,$e)7w+1’ for i = 1, 2, e
Let {Y;}i2_., be an ¢-th order time-homogeneous S-valued Markov chain with
P(i/i—i-f = Yp4+1 | Yi=vy1,.. -, Yiqe—1 = yg) = Py ) es1 for i =1,2,..., that
is, {Y;}22_ is the two-sided sequence of the ¢-th order time-homogeneous S-
valued Markov dependent trials with the same transition probabilities as { X; }§°;.
A finite sequence of elements of S is called a pattern. Let A = (a1,aq,...,an)
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and B = (by,bo,...,b,) be two patterns. W4 and Wp denote the waiting time
in {X;}2°, for A and B, respectively. W4 and Wp denote the waiting time in
{Y;}%2, for A and B, respectively, taking the values of {Y;}Y____ into considera-
tion. We assume m < n without loss of generality and ¢ < m is also assumed for
simplicity.

We study the joint distribution of W4 and Wg. Our approach to the joint
distribution is a method for obtaining the expectation of s"4tWs by using the
stepwise smoothing formula of the conditional expectations. The essential part
of this approach is to make conditioning by the sooner waiting time between W4
and Wpg. Though the distributions of the sooner waiting times for several pat-
terns have been investigated by many authors (see e.g. Fu (1996), Fu and Chang
(2002), Balakrishnan and Koutras (2002), Fu and Lou (2003)), there were some
constraints on the patterns such that every pattern never be a subpattern of other
patterns. When we study only the sooner waiting time, such constraints may be
reasonable in order to simplify the final result. When we study joint distributions
of some waiting time variates, however, we have to investigate the sooner waiting
time without such constraints, because every marginal distribution of the waiting
time for one pattern should be derived from the joint distribution.

2. Joint distribution

For patterns A = (a1,a2,...,ay,) and B = (b1,be,...,b,), we define some
sets of subpatterns from the left end and from the right end as follows:

SPL(A) ={(),(a1), (a1,a2),...,(a1,a2,...,am-1), A},
SPL(B) ={(), (b1), (b1,b2), ..., (b1,b2,...,bn-1), B},
SPLo(A) = SPL(A) \ {4},

SPLy(B) = SPL(B) \ {B},

SPR(A) ={0), (am), (am-1,am), .- -, (az,as,...,am), A},
SPR(B) ={(), (bn), (bp-1,bp),- .-, (b2, b3,...,by), B},

where we are assuming that the empty pattern denoted by () is an element of
every set of subpatterns. We denote by A ® B the longest element in SPR(A) N
SPLy(B) and denote by B ® A the longest element in SPR(B)NSPLy(A). Let
7 =min(Wa, Wpg).

First, we study the case that there exits j(> m) such that (bi,b2,...,b;) €
SPLy(B) and a1 = bj_m+1,a2 = bj_m42,...,an = b;. In this case, j* denotes
the minimum of j which satisfies the above condition. In this case, 7 = W4 <
Wp necessarily holds. Let E; be the event that {(X,_j+11 = b1, X7 joy0 =

by, ..., X7 = bj«) occurs}. Then, we can calculate the joint probability generating
function (p.g.f.) as follows:
¢(Sa t) = E[SWAtWB]
— B[(st)" V5]
— B[(st)" Vo I + El(st) VP L]
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= BE[(st)"t"2 T Ip, | (7. Ip,)]]
+ E[E[(st)"t"2 T Ige | (7, Ing)]]
= B|(st)"Ip, E[t"?77 | (. Ip,)]]
+ E[(st) Ig B[P | (7, 1g2)]l.
Here, since the underlying sequence is time-homogeneous, we can write
Ig, B[tV | (r, (7, 1,)]

= Ip, E[t"5 | Y_joy1 = b1, Y jojo =by,..., Yy = bjs]
= Ip, Bt (b1, ..., b ), (@m—tt1,.--,am))  (say).

Similarly, we have
IEfE[tWB_T ‘ (7‘, IEf)]
= IEfE[tWB | Y,m+1 == al,Y,m+2 = az,..., Yb = am]
= IpYp(t; A© B, (am—t41,---,am))  (say).

Next, we treat the other case, that is, the case where j(> m) does not exist
such that (b1, b2,...,b;) € SPLy(B) and a1 = bj_my1,02 = bj_my2,...,am = b;j.
In this case, it is random which comes sooner between A and B. Therefore, we
can calculate the joint p.g.f. as follows:

o(s,t) = E[SWAtWB]
_ E[(St)T WA—TtWB—T]

E[( ) tWe =

t) "Wy <wi}]
+ E[(st)" s AT T Cwp <]

El(st) i7—w,=wp}]

[( SO e s cwy B[V | (7, Iprmw<wip))]

E[(st) Itrewyew iy EIs" A7 | (7, Lircwry<way)]

E[(st) Ir=wy=wy}l-

Here, the value of the conditional expectation E[t"W5~T | (7, Ii;_w,<wy)] on
{r = W4 < Wpg} and the value of the conditional expectation E[s"4~7 |

(7, Lir=wy<way)] on {7 = Wp < Wa} do not depend on 7. In fact, we see
that

I{T:WA<WB}E[tWB - ‘ (7-7 I{T:WA<WB})]
= Ifrew Wit B[P | Yomin = a1, Yompo = az, ..., Yo = anm)
= I{T:WA<WB}¢B (ta AO Ba (am—f-‘rla s 7am)) (SaY)>
and

I{T—WB<WA}E[SWA_T ‘ (7’, I{T WB<WA}>]
- I{’T WB<WA}E[ ’ Y_ n+1 — bla —n+2 — b27 . 7YE) = bn]

= I{T:WB<WA}'(/JA(57 B® A, (bn—f-i-l’ SR bn)) (SaY)'
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Summarizing, we have the following result.

THEOREM 1. Let {X;}§°, be an (-th order time-homogeneous S-valued
Markov chain with the initial probabilities P(X1 = z1,...,X¢ = &) = Day,.zrs
r = 1,2,...,¢ and the transition probabilities P(X;1¢ = xp11 | Xi = x1,...,
Xito—1 = x¢) = P(a,ze)aesrs JOT 0 =1,2,.... Then, the joint probability gen-
erating function of W4 and Wp is written as

B(s,t) = E[(st) Iir—w,<wpine | - ¥B(E (b1, bj%), (@m—r41, -+ -5 Gm))
+ E[(St)TI{T:WA<WB}mEf] ~pp(t; A® B, (Am—tt1y -5 0m))
+ E[(st)TI{T:WB<WA}] “Ya(s;BO A, (bn—ts1,---,bn))
+ B(st)" Iiz=wa=wi}l,

where Yp(t; (bi,...,05%), (@m—t41,---,0m)), YB(E; AO B, (@m—r+41,--.,0m)), and
Ya(s;BO A, (bp—gy1,--.,bn)) are defined above.

Based on the above theorem, we show how to obtain the joint p.g.f. of W4
and Wpg. For two patterns a = (a1,...,a,) and 8 = (b1,...,0), we let {(«, ) =
(a1,...,04,01,...,0) be the concatenated pattern. For 1 < i < j < a, we
denote by [a]] the subpattern (a;, aiy1, ..., ;) of a. In the following, we explain
how to obtain the joint p.g.f. of W, and Wp.

First, we calculate the generalized p.g.f. of 7 with markers (x1,z,v, 2),

El(st) Iir=wy<wiing T + El(st) Lir=w, <wpynee]®
+ E[(st) Tir=wp<waly + El(st) Iir—w,=wy )2

Here, the idea of the generalized p.g.f. was introduced by Ebneshahrashoob
and Sobel (1990). For a nonnegative integer r, S™ denotes the set of all the
patterns of length r. In particular, S° = {()} denotes the set of the empty pat-
tern (). In order to derive the generalized p.g.f. of 7, we define the mapping
f: (SPLo(A)USPLy(B)) x (U= S") x S — (SPL(A) USPL(B)) x (Ui S"),
by f(a,B,u) = (fi(a,u), f2(B,u)), where fi(c,u) is the longest element in
SPR({c,u)) N (SPL(A)USPL(B)), and

(B, u) if the length of (3 is less than £,
[(3, u)]gJrl if the length of ( is equal to /.

f2(B,u) = {

We denote by

PB.u if the length of 3 is equal to ¢,
) u = . .
p(6,) (dGED) if the length of 3 is less than £,
bp
the conditional probability that “u” comes next given 3, where we set p) = 1.
For every a € SPLy(A) U SPLy(B) and 3 € J‘_, S”, the pair (a, 3) is called a
consistent pair if at least []2_, ,; = 8 or [8])_,,; = « holds, where a and b are
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the length of o and 3, respectively. We denote by CP((SPLy(A)USPLy(B)
Uy S") the set of all the consistent pairs (a, ) € (SPLo(A) U SPLo(B)
U%_, S”. Similarly, we define CP(SPLy(A) x Sg) and CP(SPLy(B) x S%).
every (a, ) € CP((SPLo(A) USPLy(B)) x Uiy S™) we set

) X
) X
For

(l)r(svt; a76;$1>$7y7 Z)
= Z p(ﬁau)Stqu(Svt; fl(Oé,U), f2(ﬁ?u)? z,x,Y, Z).

u€es

Further, we set

¢T(87t;f1(a7u)7f2(ﬁ7u) xr1,T,Y,2 )—.’L’1 if fl(Od,U):(bl,---7bj*),
QST(S?t;fl(a’u)7f2(ﬁ7u)7xl7x Y,z ):ZL' if fl(OQu):A#Ba
QST(S,t;fl(Oé,U),fg(ﬁ,U) €T1,%,Y,2 )_y

if fl( ) B and [ ]n m+17éA
and

¢~,—(S,t;fl(a,u),fg(/()),u);SCl,ilT,y,Z):Z
if fi(a,u)=DB and [B];}_,, .1 = A.

By solving the above system of equations with respect to

l
{qﬁT(s,t;a,ﬁ;xl,x,y, 2) | (o, 3) € CP <(SPL0(A) USPLy(B)) x U ST> } ,

r=0

we get the generalized p.g.f. of 7 with markers (x1,x,y, 2) as the particular so-

lution, ¢-(s,t; (), (); 21,2, y, 2).
Next, we generate the following systems of equations:

Vp(t;a, B) = > p(B,u)tys(t; fi(a, u), f(8,u))

uesS
(2.1) for every (a,8) € CP(SPLy(B) x S%),
qu)B(tv B7 (bn—z-i—la sy bn)) = ]-7
and
QJZ)A(S; Q, ﬁ) = Z p(ﬁa U)5¢A(ta fl(av U), fZ(B, u))
u€eS
(2.2) for every (a, 8) € CP(SPLy(A) x S%),

¢A(S; A7 (am—f-‘rla cee 7afm)) =1.

By solving (2.1) with respect to {¢5(t;a, 8) | (o, 3) € CP(SPLo(B) x S}, we
obtain ¢B(t7 (bla SRR b]*)? (am—f—i-l) S 7am)) and 1/}B(t7 A® B, (am—f—‘rla cee 7am))-
Solving (2.2) with respect to {14 (s; o, B) | (o, ) € CP(SPLo(A) x S°)}, we
get wA(S B A, (bn 0415 - 7bn))'
Consequently, substituting x1 = ¥p(t; (b1,...,bjx), (@m—ts1,---,0m)), T =
Vp(t; A® B, (Gm—t41,---5am)), y = Va(s;BO A, (bp—p+1,-.-,bp)) and z =1 in
ng(S, l; ()7 ()7 I, T, Y, Z)a we obtain ¢(87 t)
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3. Illustrative examples

First, we give a simple example of the joint distribution of waiting times for
A and B with A completely included in B. Let us consider the waiting times
for A= (1,1) and B = (0,1,1,1) in the second order {0,1}-valued Markov chain
and let 7 = min(Wy4, Wp). In this case, A comes sooner almost surely. However,
we have to check whether the event F1 occurs or not, when A occurs. Then, in
order to calculate the generalized p.g.f. of 7 with markers (x1,x), we write down
the system of equations for conditional p.g.f.’s of 7 as follows:

¢-(0), 0) = pysto-((1), (1))+p ystd-((0), (0)),

6:((1), (1)) = p;(; sta + 200 p(l) 9 st-((0), (1,0)),

(0, (0) = 29D s16.((0,1), 0, 1)) + 2% s19,((0), (0,0)),
Do) Do)

((0), (
$7((0), (1,0)) = pa1,0),15t07((0,1), (0, 1)) + p(1,0),05t¢-((0), (0,0)),
#-((0),(0,0)) = p(0,0),15t¢~((0,1),(0,1)) + p0,0),05t¢-((0), (0,0)),
#-((0,1),(0,1)) = p(o,1),15tx1 + p(0,1),05t - ((0), (1,0)),
where ¢, (a, 3) is short for ¢ (s, t; a, B; 1, x,y, z). By solving the above equations

with respect to ¢-((), (), ¢-((1), (1)), -((0), (0)), ¢-((0), (1,0)), ¢-((0, 1), (0,1))
and ¢,((0), (0,0)), we obtain

¢T(svt; ()7 (), r1,T,Y, 2)

= p(171)32t2x

P(1,0),0P(0,0),1 s%t?
1 —p(o,0),08t

P(1,0),0P(0,0)1 5t
1 = p(0,0),08t

P(1,0)5°t*P(0,1),15t21 <p(1,0),1375 +

_|_

L =p0,1),08t <P<170>,13t +

P0,1)P(0,1),15 1221
p(l,o),op(o,o),152t2)
1 = p(0,0),08t
D(0,0),15¢ )
1 = p0,0),05t
p(1,0),op(0,0),152752> '
1 = p(0,0),05t

+

1 —=peo,1),08t <p(1,0),13t +

P(0,0)P(0,1)15 %21 (
_|_

L =po,1)08t (p(LO),lSt +

The system of equations corresponding to (2.1) is

Ye((),(1,1)) = pa,n,1t¥s(0), (1,1)) + pa,1),0ts((0), (1,0)),

5((0), (1,0)) = p1,0),1t¥5((0,1), (0,1)) + pa,0),0t¥5((0), (0,0)),
¥5((0,1), ( 1)) = p(o,1)1t¥5((0,1,1), (1,1)) + po,1),0t¥5((0), (1,0)),
¥5((0),(0,0)) = p(0,0),1t¥5((0,1), (0,1)) + p(0,0),0t¥5((0), (0,0)),
¥p((0,1,1),(1,1)) = pa,1y,1t + pa,1)0tvs((0), (1,0)).
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By solving the above equations, we obtain

paot  Po1),1Pa1)t P(1,0),0P(0,0)1 1>
Y ,(1,1)) = D t4 ————,
5(0: (1 1) L —pat C(t) (LO)1 1 = p(0,0),0t
and
2[)B((Oa 17 1)5 (17 1)) = p(l,l),lt +p(1,1),0t

2 2
D(1,0),0P(0,0),1t" \ P(0,1),1P(1,1),1t
X<p(1’0)’1t+ (1.0)0P©0.0) ) (01)1P(1,1)

1 —p(o,0),0t C(1) ’
where

P(1,0),0P(0,0),1%>
cit)=1- (19(0,1),119(1,1),0t2 +p,1),0t) (p(1,0),1t + SLO0700,17 _) 0.0 > -
1 —p(0,0),0t

Finally, substituting = and z; for the above ¥5((), (1,1)) and ¥5((0,1,1), (1,1)),
respectively, in ¢-(s,t; (), ();x1,,y, z), we obtain the joint p.g.f. of (W4, Wp).

In particular, we further study the joint p.g.f. of W4 and Wp in the sequence
of i.i.d. trials for simplicity. By setting ¢ = 1 —p, pq,1) = P2, Pa0) = Pq,
P(0,1) = P4, P(0,0) = 7>, P(i,j),1 = p and pg )0 = q for 4,5 = 0,1, we obtain the
joint p.g.f. of W4 and Wp as

poqs?ts p?qsit3(pst + 1) ( ’ piqtt >

s,t) =
¢( > ) 1—+¢ —|—p3qt4 1—gst —pq52t2 1—qt— pqt2 —p2qt3

From the joint p.g.f. we can immediately get the marginal p.g.f.’s

2.2
p“s
)= ="
and 5 4
poqt
1) = ——F+—.

The next example is the joint probability of waiting times of two patterns C' =
(0,1,0,1) and D = (1,0,1,1) in {0,1}-valued independent trials with P(X; =
1) = p = 1—¢q. The example was introduced by Chen and Zame (1979) in
the situation of fair coin tossing games. Assuming p = %, they showed that
P(Wp < W¢) = & < 3, whereas E(W¢) = 20, E(Wp) = 18. From the
counterexample, the following intuitive statement was shown to be false, that if
E(W¢) > E(Wp) then P(Wp < W¢) > 1. The joint p.g.f. of W and Wp can
be written as

-

é(s, 1) = p2qsitt {(_p4q457t3 — PP+ pigPst + plPsSe?)

Iy

(s
(t
t

U
= —

+ (pqt + pPq®s3th)

}

3
—
~—

x {1 — st + pgs*t? — pg®s*t> — p3¢3s516) 71,
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where
£(s) =1 — s+ pgs® — pgs® + p°¢*s’,
n(t) = -1+t —p*qt + p*g*t?,
C(t) = =14t — pqt?® + pg?t>.

The joint probability function of (W¢, Wp) is shown in Fig. 1. From the joint

0.0

0. 02

0. 00
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J o
o N
LY I R

Figure 1. The joint probability of waiting times of two patterns C = (0,1,0,1) and
D = (1,0,1,1) in {0,1}-valued independent trials with P(X; = 1) = % These two graphs
are the same ones from different viewpoints.



WAITING TIME FOR PATTERNS 105

p.g.f., we can derive exact means and variances of W and Wp and the covariance
and correlation coefficient of W and Wp. Since they are too long to be written
here, we give only the values of them for p = %; E(We) = 20, E(Wp) = 18,

V(W) =276, V(Wp) = 210, Cov(We, Wp) = 322 and p = 221810,
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