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1. Introduction

The equality presented in this paper is extremely simple, but has proven
useful on a number of occasions in deriving certain transition probabilities where
other approaches such as the Laplace transform or the generating function be-
come untidy (see, for example, [7]). The equality is not completely unknown ;
it has appeared, in a slightly different form, in & two dimensional process ([2],
p. 102); and it is obvious for the simple Poisson process. The purpose of this
paper is to state it in a general form and to demonstrate its validity and useful-
ness with a number of examples.

2. The equality

Let {X(¢); t € T} be a time dependent Markov process defined over the in-
terval T: [0, = ). For each ¢ € T, the random variable X (f) assumes nonnegative
integer values with the transition probability
(1 Pu(to, 1) = Pr{X(t) = k|X () = 1},

0ZtHh=St<w,t2=k;t,k=0,1,---.

Our discussion is related only to nondecreasing processes where the value of X ()

is increased by the occurrence of an event (for example, the pure birth process),

or the nonincreasing processes (for example, the pure death process). The equal-

ity will be presented only for the former cases. However, an example of the pure
death process will be given in Section 3.

For each %, we assume the existence of a continuous function A;(7) such that

Ai(7) forj =1+ 1,
@) 2 Pytr, t)| =]on@)  forj =1
t=71
0 otherwise.

It follows that the transition probabilities in (1) satisfy the forward differential
equations

%P;.-(to, ) = —M(OPuslto, 1),
3) g
3 Pu(to, t) = —M(O)Pi(te, ) + M (D) Pia(bo, 1),
iSkig k=01, .
187
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The first equation in (3) has the solution
4) Pii(to, 1) = gi(to, ¥)

where g.(t, t) denotes exp {— ft: Ni(§) ds}, while the second equations give the
recursive relationship

(5) Palte, ) = [ Piaalto, trot)hecs(tes) Pra(tis, 1) dtis.

The probability P;_1(ts, t—1) may be written in the form of (5):

©)  Poxallotid) = [ Picallo, to-sWua(thod) Poct ps(lios, tos) dlia.
Substituting (6) in (5) yields

t [tea k-1

(7 Pii(to, t) = /; / Pipo(t, tie) II Ne(t)Pegr,eqa(te, tera) de,
o Jl (=k—2

or, upon integration with respect to t_,

3) Pii(t, t) = /: Py x_o(to, tr—2)Nk—2(te—2) Pr—1,k(te—2, t) dtrs.

Equation (8) indicates a sequence of transitions taking place in the interval
(to, t):’l:-—) k— 2in (to, tk_z), k—2—>k—1in (tk_z, b2 + dtk_z), andk — 1k
in (i + dtis, t), for ty < frs < &.

Equation (7) can be extended by repeated substitutions of (5) in (7) beginning
with £ = £ — 2. Consequently, we arrive at a formula,

1 Y k—1
9)  Palty, t) = j;: ft: e ];: M Pty £) Eih(h)Pm.m(tt, L) dl,

which shows the occurrence of each transition from £ to £ + 1 in (¢, t, + di,).
Now the transitions can be regrouped in any meaningful way one wishes by
integrating the right side of (9). When a particular transition, j — j 4 1, is of
concern, we integrate the right side of (9) with respect to ¢, for 7 = £ < j and
j < £ £ kto obtain the equality. Let j be an arbitrary but fixed integer, for t < j <k,
then

(10) Palte, ) = [ Pis(to, IN(T)Pisas(r, 1) dr.

Clearly, (5) is a special case of the equality (10).
An equality for the continuous case also can be derived, where we will be
dealing with the density funection f..(t, ) instead of the probability Pu(t, t).
A similarity between the present equality and the Chapman-Kolmogorov
equation should be noted. The transition probability in (1) involves the param-
eter ¢ and the values of the random variable X () (or the states of the system).
The Chapman-Kolmogorov equation,

(11) Pilc(tO: t) = ; Pij(tO; T)Pik('ry t)r
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is related to a fixed but arbitrary time = and varying states j at 7; whereas in
equality (10) a state j is fixed and the integral is taken over the values of 7. This,
however, is the extent of the similarity. In equality (10), we require a transition
from j to j 4+ 1 to take place in (7, 7 + dr) for which a probability A;(r) dr is
included, while in the Chapman-Kolmegorov equation there is no such require-
ment. This additional factor nullifies a complete analogy between the two
equalities.

3. Examples

3.1. The Poisson process. In the nonhomogeneous case, the intensity A;(r) =
A(7) is a function of time; the transition probability is given by

exp {— ['x® dg }[ [' @ ae]™
(k — 9)! ’ =
According to equality (10), we should have

(13 Ll ( L 2@ ds)k_i

- Lt [é—(ti_“z))' (L MO dﬁyﬂ] A7) [(_k_% ( f @ ds)k_j_l] dr.

where g(t,, t) denotes exp {— j: bY€) ds} and ¢(r, t) denotes exp {— j; ‘ A ) d&}-
To verify (13), we introduce a function
"A@) de
7 = L;——-— do(r) = DD
[a® a Jne ae
and rewrite the right side of (13) as

9(to, t) ‘ k=i 1 i -
W) G=pk—7= 1);(f M) dﬁ) [, [6(r) =1 — 6(r)]=-1 db(x)
and recover the left side of (13).

to
t k—1i
- deh([ o)
When A(7) = A, and ¢, = 0, (13) becomes

e MO / e )i MDA = 7) ]
(k — 2! o (Gj—0)! (k—j— 1!

3.2. The Yule process. When the intensity \i(r) = i\(z), the differential
equations in (3) define the Yule process,

(17) Pall ) = gt sy (ol D)L = glto 0~

(12) Pyt ) =

(14)

(16)
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To verify equality (10), we need to show that

(18) G r gy o )L — gt D)~

= L (J—_(%% (9(to, 7))(1 — g(to, 7))7=%N(7)

(& .(_.kJ.‘__IiI) ;51 (g(s, t))ﬂ'l(l - g(r, t))k—i—l dr,

where g(t, r) denotes exp {— L A dE}- Let

- l1—g (Ta t)
(19) ) = T,
so that
_ —glr, M) dr s g t) — gl )
A T O Il R A p=r o)
Substituting (19) and (20) in the right side of (18) and simplifying yields

) T D=5 @ ) — o O~

, 1
[) [1 — 6(n)}—*{8(r) )" do(r)
k — 1)!

= k= 16 = D1 @l D) — gl )

which is equal to the left side of (18), proving (18).

3.3. The pure birth process. To verify equality (10) for the present case, we
need the following lemma.

LemMa 1. Whatever may be distinct real numbers, A1, Az, * -+ , Ag,

(22) ‘—1“‘+'°‘+,T1——=0.

I (= Ay I O — )
y=2 y=1

Several proofs of the lemma are given in Chiang [2], p. 126; we do not present
the details here.

The pure birth process is a different form from the Yule process in that the
intensity function A;(z) = A; is a function of 7, but is assumed to be independent
of time 7. When A; are distinct for different 7, then the differential equation (3)
has the solution (see Feller [5], p. 449, and [2], p. 51),

(23) Palto ) = (= 1) Adips - -+ Ay 3, ZRATA — )}
| | G S
Similarly, )

@) Pullyn) = (—Di A - Aoy 3, SRAT N = W)

R | (VR W)

y=i,y ¥
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and

k —_— —_
(25)  Piaa(r, ) = (—1FNadjpa - Mt 2 exp (=Nt — )

- k
F=HL I (=)
8=j+1,68

When (24) and (25) are substituted in (10), we find on the right side of (10),

t
(26) ] Pij(to, T)N\iPjga (7, t) dr
to
.
j —Ao(T — — Nt — d
AU Lexpj{ (r = ) exp (Mt = o
AL T Qa—N) I Qe — )

r=t7 % §=j+1,8#8

where

@) [ o (hulr — ) exp (=te — )} dr

_ _[exp {2t — &)} | exp {—Ns(t — &)},
"‘[ T P S ]

Therefore, (26) may be rewritten

(28) ' '
(=1 AXia o+ N i Zk: — Pl tﬂ)}"
. - J
, T e =) I (Ga=MN) I (=)
iy e s=j+1,5%8
N ZJ: Zk: exp {—Xs(t — t0)}
) i 3 k .
a=i p=rt+1 (s — Aa) ﬁ M — N\y) i s — )
ymivy e S=i+1,8%p

In the first term inside the brackets, for each &, we compute the sum

Zk: | . eXp.{—)\a(t_. t)}
@) 0, %) T =M T Qe—2p)
s=j+1,578

y=1,y#a

1 exp {—A.(t — )} _ exp {—2a(t — t)}
= % : ] Tk T
{ IO Qa—N) II Qa—2) I Q=X

s=5+1 ¥=1,y#a =17 #a
since, according to Lemma 1, for any distinct numbers Ao, A1, g2, =0 5 Mgy

1 1

(30) % + -+ =1
M= Ng) I Qi — \y) Me—M) I —N\y)
y=ij+2 ry=j+1
1.
=
II ()‘a - x'1)

r=j+1
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Similarly, in the second term inside the brackets of (28) we find for each 8,
@31

> 1 exp {—Ns(t — &)} _ exp {—Ns(t — &)}

— 7 % %

TP — ) IT Qe—A) | I (A — ) II (s — )

Y=1,7v#a 8=j+1,68 8=1,07#B
Substituting (29) and (31) in (28) yields
k - —
(32) I W expk{ Nat — )}
«=t II (Xa - )‘7)
y=1,y #a

which is equal to (23), as was to be shown.
3.4. The Pélya process. The Pélya process is determined by the differential
equation (3) with the intensity function
A 4+ Aak
1+ rat’

where both A and @ are nonnegative constants. Solving (3) for P (%, ), we have
‘ T+ 1l/a) (1 + >\at0)‘+1’° ( 14 Rato)""i
@Y Pals ) = T 5TG + 1/a) \T + rat I=1T9at) -

Using this general formula for the probabilities P;;(f, 7) and P (7, ) in (10),
we obtain

(33) M) =

(35) /h Pi(to, TN (1) Piya i (7, 1) dr

- I'(j+ 1/a) 'k + 1/a) t (1 + )\ato)i-n/a
G—)TGE+1/a) (k—j — DTG + 1+ 1/a) Ju \1 + Xar

(1 1+ )\ato)"—‘ (A + )\aj) (1 + )\af)i““/“ (1 _ 1+ )\ar)"—f—l i
1+ har 1+ nar/\T + nat 1+ rat "
where the integral is simply

(36)

t
(1 + Nato)*#V/2(1 + Aat)~G+H/a (Aa)t==1(\ + haj) / (r — t)i=i(t — r)t=i-1ds
t
= (1 4 Mato)+/e(1 + Aat)—k+/a) (\g)*—i-1

O+ A (¢ — oy G = DM =5 = D!

&k — 3)!
- ((5a) (- ) () R

When the last expression in (36) is substituted for the integral in (35), the right
side member of (35) becomes identical to that in (34), proving equality (10) for
the P6lya process.
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3.5. The pure death process. The pure death process is different from all the
preceding processes; in this case the population size is decreasing instead of
increasing with time ¢. The transition probability P (t, t) holds for k¥ < 7 and
satisfies the differential equation

B % Paltet) = —ku®Pall ) + (b + Da()Pranll 0,
k=01, ,5

where the intensity function u(f) is also known as the force of mortality. The
solution of (37) is

(38) Palln ) = i1 (Wt 00 = Rt ),

t
where h(ty, t) denotes exp {— [ u(f) dé}- The equality for the death process as-
to
sumes a form slightly different from (10);
t
(39) Pa(t, t) = /u Piito, T)ju(r)Pias(r, ) dr, 0=k <j=id.

Verification of (39) is straightforward. Using (37) we can write

@ [ Pt Dine)Prcratr, ) ar

=/ -!(+_!j)!(h(to, 7))/(1 — h(to, 7)) %ju(r)

ol
(j — D! N
e s G, 0041 = e, )1~

t T
where h(r, t) denotes exp{— / 63) d£} and h(fy, ) denotes exp {— /;) w(® dé}-
Now let

Then (40) may be rewritten as
(42)

!

1
TG =T =T (e XL~ hto, ) [ @epiat - oy ance)

" |
= m (h(to, £))*(1 — h(to, t))**

=P t'k(tOy t))
which proves the equality in (39).
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4, An application

“Theoretical significance of equality (10) is yet to be assessed, depending to a
great extent on its relevance in developing stochastic processes. The following
example illustrates its usefulness as a means of deriving certain transition
probabilities.

The example in question is the so-called *“simple stochastic epidemic,”” which
has been extensively studied by N. T. J. Bailey [1]. According to this model, a
population consists of two groups of individuals: infectives and susceptibles. At
the initial time f, there are one infective and N susceptibles. For each ¢, for
t € [ty, =), there are X (¢) infectives and N 4+ 1 — X(¢) susceptibles. The proba-
bility distribution of the random variable X (f) satisfies the system of differential
equations

43) 2 Puty ) = —aB(Puxlle ) + s (OPrccsll, 1),
=1---,N+1,

where

@ G=kN+1-8) k=1, Nia=awm=0,

with the initial condition Py(f, &) = 1, and the constant 8(f) is known as the
infection rate. The Laplace transform and the probability generating function
have been used to solve the differential equations (43). Because the coefficient
a; is a quadratic function of k, for each k, the computations involved are quite
complex. The partial differential equation for the probability generating func-
tion, for example, is of the second order. However, when equality (10) is used,
one can write down the solution almost immediately. The complete solution and
the detailed discussion on related points have been given in [7], and will not be
repeated here.

6. The equalities in a two dimensional process

Equality (10) can be extended to multidimensional processes, where the ran-
dom variables concerned are the number of transitions rather than population
sizes. To be specific, we use a two dimensional process for illustration. In the
birth, death and other processes discussed in Section 3, there is only one transient
state for each individual: the state of “living.”” In a two dimensional process,
each individual may be in either one of two transient states, S; and S.. State S;
may be interpreted as the healthy state, and S; the illness state. In addition,
there is an absorbing state R, the death state. A person is in state S, if he is
well, in S, if he is ill. A transition from S; to S; means the occurrence of an
illness or a relapse, while a transition from S, to S; means recovery. When a
person dies, he enters the death state B from either S; or S; depending upon
whether he is in state S; or S; at the time of death. Fix and Neyman have dis-
cussed extensively this model in their study of the probabilities of relapse, re-
covery, and death for cancer patients [6] (see also Du Pasquier [4]).
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During a time interval (f, f) an individual may leave one transient state for
another. We are interested in the number of transitions that he makes between
the two transient states and the corresponding probabilities, which are deﬁned
as follows:

(45) P& (t, t) = Pr {an individual in state S, at time ¢ will leave S, m times
during (¢, t) and will be in Sg at time &}
=P7{Muﬂ(t0)t)=m}’ a,8=1,2,m=0,1, ---

The random variable M .(t, t), corresponding to the probability P (t, ¢), is
thus the number of times the individual leaves S, for Ss before he reaches Sp at
time £. The sums

> P(ty £) = Paalle 1),
(46) "':"
Zl ng)(to, t) = Pﬂtﬂ(t% t); a#B;a, 8= 1’ 27

are the probabilities that the individual will be at time ¢ in S, and Sg, respectively,
regardless of the number of transitions he makes between % and {. We assume
that, for each 7, for {, < r < ¢, the derivatives

9 ' /]
(47) at Poy(r, 1) . = Vaay 3 Pag(r, t) - = Vog

exist and are independent of time 7, so that v.. is & negative constant and v.s'a
positive constant. Explicit formulas of the probabilities PSP (f, t) have been
derived in terms of v.. and v4s (see [2], Chapter 5).

Corresponding to equality (10) there are four equalities in the two dlmensmnal
process. They are

(48) PB(to §) = [ Pt 7)esPE'(, ) dr,
tH

(49) PGt = [ Phlo PG (s, 1) b
t

(50) PR D = [ P, a0, 0 i,

and
t

(51) PO 1) = f P to, )resPE~(r, ) di,
to

for any fixed but arbitrary j, for j between 0 and m. Equality (48), for example,
holdsforj = 0, --- ,m — 1; while (49) holdsforj = 1, - -- ,m — 1. These four
equalities can be verified in a similar manner as equality (10). For the verifica-
tion of the equality in (48), consider that an individual in state S, at time ¢,
will leave S. m times and be in Sp at time ¢, and let j be a fixed number with
0 <j < m. Let the (j + 1)th exit transition from S. to Sp take place in
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(r, 7 + dr), so that at 7 he is in state S., the remaining m — j — 1 transitions
from Sg occurring during (r, t); the probability of this sequence of events is

(52) ng(tO: 7) [”aﬁ dT]Pég_j_l)(T’ t)~

Integrating (52) from r =.{, to 7 = ¢ gives the equality in (48).

It has been shown in [2], pp. 102 to 104, that the multiple transition proba-
bilities P33 (f, t) and P& (ty, t) satisfy the equalities (48) through (51) for every
m. Two simple cases are given below.

It is obvious that for m = 0,

(53) Pé?.)(to, t) = €xp {Vaa(t - to)}, Pég) (tO) t) = €exp {Vﬂﬁ(t - to)}

For m = 1, P{ (f, t) is the probability that exactly one transition from S, to Sg
occurs in (&, t), and P (&, £) is the first return probability to the original state
S, at ¢t after having left S, once. The first passage probability is given by

(54) Pt ) = ;- (exD aall — W)} — exp Gt — W)}), o B,
According to equality (48), we have

(55) 1%@0=£RM%W¢W@O%

or, substituting (63) and (54) in (55),

(56) 5 (exp {ranlt — )} — exp {ros(t — )})

Vaa —

to

= / exp {Vaa(r — to)}ves exp {vgs(t — 7)} dr,

which is easily shown to be true.

Equalities (48) and (50) (or (49) and (51)) can also be used to derive the gen-
eral formulas for the probabilities P{%(t, t) and PS5 (f, t). The probability
P8 (4, b), if it is unknown, can be obtained from (55). Using the known proba-
bility P& (to, t), we can derive the first return prebability P& (f, £) from equality
(50) form = 1,7 = 1,

t
57) POt 1) = / Pty 7)vaaP 8, 1) dir.
to

Substituting (56) for P& (f, 7) and (53) for P (7, t) in (57) and integrating the
resulting expression yields

(58) Pil(to, t) = % [(vaa — ves) (t — to) exp {Vatz;(t — 1)}
— (exp {raa(t — o)} — exp {vas(t — t)})].

Now using equalities (48) and (50) successively for m = 2, we obtain the seeond
passage probability .
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(59)

2
P(%)(tﬂ; t) = @% [(”aa - Vﬂﬂ) (t - tﬂ) (eXp {Vaa(t - to)} + exp {Vﬁﬂ(t - to)})
— 2(exp {raalt — t0)} — exp {vas(t — %)})]
and the second return probability

2 2
(60) PRty 1) = 72 [§(vau = va)*(t — )? XD {reall = 1)}

— (Vaa — v88)(t — 1) (2 eXP {vaalt — 1)} + exp {vas(t — 4)})
+ 3(exp {vaalt — t)} — exp {ps(t — t)})].

The probabilities PS5 (t, t) and PSP (f, £) can all be successively derived in the
same manner beginning with m = 3. It is interesting to note that, using this
approach, the multiple transition probabilities can be derived even when the
intensity functions v..(f) and v.s(t) are functions of time.

REFERENCES

[1] N. T. J. BaiLey, ‘“The simple stochastic epidemic: a complete solution in terms of known
functions,”’ Biometrika, Vol. 50 (1963), pp. 235-240.

[2] C. L. Cuiang, Introduction to Stochastic Processes tn Biostatistics, New York, Wiley, 1968.

[3] K. L. CaunG, Markov Chains with Stationary Transition Probabilities, New York, Springer-
Verlag, 1967.

[4] L. G. Du Pasquikr, “Mathematische Theorie du Invalidititsversicherung,’” Miti. Verein.
Schwetz. Versich.-Math., Vol. 8 (1913), pp. 1-153.

[5] W. FELLER, An Introduction to Probability Theory and Its Applications, Vol. 1, New York,
Wiley, 1968 (3rd ed.).

[6] E. Fix and J. NeYMAN, “A simple stochastic model for recovery, relapse, death and loss
of patients,”” Hum. Biol., Vol. 23 (1951), pp. 205-241.

[7] G.L.YaNG and C. L. CHiANG, “A time dependent simple stochastic epidemic,” Proceedings
of the Sixth Berkeley Symposium on Mathematical Statistics and Probability, Berkeley and
Los Angeles, University of California Press, 1972, Vol. 4, pp. 147-158.



