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SOME USEFUL FUNCTIONS FOR FUNCTIONAL LIMIT
THEOREMS*§
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Many useful descriptions of stochastic models can be obtained from functional limit
theorems (invariance principles or weak convergence theorems for probability measures on
function spaces). These descriptions typically come from standard functional limit theorems
via the continuous mapping theorem. This paper facilitates applications of the continuous
mapping theorem by determining when several important functions and sequences of func-
tions preserve convergence. The functions considered are composition, addition, composition
plus addition, muitiplication, supremum, reflecting barrier, first passage time and time
reversal, These functions provide means for proving new functional limit theorems from
previous ones. These functions are useful, for example, to establish the stability or continuity
of queues and other stochastic models.

1. Imtroduction. Stochastic processes of interest in operations research models
such as queue length processes can often be represented as functions of more basic
stochastic processes such as random walks and renewal processes. Consequently, limit
theorems for sequences of stochastic processes in operations research models can
often be obtained from existing limit theorems for the more basic processes by
showing that the connecting functions preserve convergence. This method for proving
limit theorems is described in Billingsley (1968) and is well known. The purpose of
this paper is to investigate several functions which frequently arise in operations
research models. The functions considered are composition, addition, composition
plus addition, multiplication, supremum, reflecting barrier, first passage time and time
reversal. We find general conditions under which these functions preserve conver-
gence. For example, suppose X, = (X,(1),t> 0} and Y,={Y,(¢),t >0} are
stochastic processes which converge jointly in distribution as n-— o0. Under what
conditions does their sum (X, + Y,) = {X,(¢) + Y,(¢#), t > 0} also converge as n — o0?
If by “convergence” we mean weak convergence of random elements of the function
space D [0, oc) with Skorohod’s (1956) J, topology as described in Billingsley (1968)
and Lindvall (1973), then the appropriate connecting function is addition mapping
D0, ) X D[0, o) into D[0, o). Addition is known to preserve convergence when
both limit processes have continuous paths w.p.l,, but not in general; see Billingsley
(1968, Problem 3, p. 123). We determine sufficient conditions for addition to preserve
convergence. For example, it suffices for the two limit processes to be independent
with one being continuous in probability; see §4.

While our interest here is in stochastic limit theorems, we rarely mention probabil-
ity measures or stochastic processes in this paper. This is because we can apply the
continuous mapping theorem to translate the question of preserving stochastic con-
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68 WARD WHIT1

vergence to the question of preserving deterministic convergence on the underlying
sample space. Suppose X,, n > |, and X are random variables with values in a
separable metric space and f,, n > 1, and f are Borel measurable functions mapping
this separable metric space into another.

CONTINUOUS MAPPING THEOREM (CMT).

() If X, — X and f is continuous almost surely with respect to the distribution of X,
then f(X,)— f(X).

(i) If X, —» X and f,(x,)— f(x) for all x € A and {x,} with x,— x for some A with
P(X € A) =1, then f,(X,)— f(X).

The mode of convergence above has not been specified because the CMT holds for
convergence w.p.l., convergence in probability, and relative compactness as well as
the more familiar convergence in distribution (weak convergence) covered by
Theorems 5.1 and 5.5 in Billingsley (1968). For relative compactness, with a slight
abuse of notation, X,-» X means that w.p.l. every subsequence of {X,} has a
convergent subsequence and its set of limit points is the set X. These four modes of
convergence are used in the classical and functional strong laws of large numbers,
weak laws of large numbers, laws of the iterated logarithm and central limit laws,
respectively.

Since the CMT is so important, we briefly discuss its proof and interpretation.
There are several ways to prove the CMT associated with each mode of convergence,
but there is one way which we believe helps the understanding. The revealing proof in
each case is to represent the mode of convergence in terms of w.p.l. convergence and
then apply the CMT associated with w.p.l. convergence. Since the CMT associated
with w.p.l. convergence is obvious, the issue for each mode is the representation in
terms of w.p.l. convergence. For convergence in distribution, the vehicle is Skorohod’s
(1956, §3) representation theorem; p. 7 of Billingsley (1971), Dudley (1968), Wichura
(1970) and references there. Let = denote both weak convergence of probability
measures and weak convergence (convergence in distribution) of random variables.
Let ~ denote equality in distribution. As before, let the random variables take values
in a separable metric space.

SKOROHOD REPRESENTATION THEOREM. If X, = X, then there exists a probability
space supporting random variables Y,, n > 1, and Y such that Y, ~ X, for all n, Y ~ X
and Y,— Y w.p.l

It is easy to apply the Skorohod Representation Theorem to prove the CMT for
weak convergence. Consider form (ii) of the CMT. If X, = X, the representation
theorem gives Y, — Y w.p.l. with Y, ~ X,, n > 1, and Y ~ X. The obvious w.p.l. CMT
gives f,(Y,)— f(Y) w.p.l. under the specified conditions. As a consequence, f,(Y,)
= f(Y). Since Y, ~ X, and Y ~ X, f,(Y,)~f.(X,) and f(Y)~ f(X). Hence, f,(X,)
= f(X) too. A similar argument applies to convergence in probability because a
sequence { X, } converges in probability to X if and only if every subsequence of { X, }
has a further subsequence converging w.p.l. to X; Theorem 4.4 of Tucker (1967). The
theorem in Tucker (1967) is for real-valued random variables, but it extends easily to
separable metric spaces because X, — X w.p.l. (in probability) if and only if d(X,, X)
—0 w.p.l. (in probability), where d is the metric. This means that these modes of
convergence are characterized by the convergence of associated real-valued random
variables. Finally, relative compactness by definition involves w.p.l. convergence.

The CMT obviously operates with greater force when the converging random
variables X, and the limit X have values in a general space such as a function space.
Then X, and X are stochastic processes and many random quantities of interest can
be represented as a measurable functions which are continuous almost surely with
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respect to typical limit processes. It is for precisely this reason that much attention in
recent years has been devoted to proving functional limit theorems, invariance
principles or stochastic limit theorems in function space settings. One of the function
spaces most frequently used is D, the space of all right-continuous functions on a
subinterval of the real line which have limits from the left, endowed with Skorohod’s
(1956) J, topology, chapter 3 of Billingsley (1968) and Lindvall (1973). There are now
many results of the form X, — X in D. With these results in hand and many more
forthcoming, it is natural to focus on the other hypotheses in the CMT. For useful
functions f,, n > 1, and fon D or D X D, it is natural to ask when f is continuous and
when f, (x,) — f(x) for all x, — x. This paper addresses this question. The results are of
the form: if x is restricted to a particular subset of D or D X D, then f,(x,)— f(x)
whenever x, -> x. In stochastic applications it often requires a little work to identify
the appropriate connecting function. The technique is illustrated at the end of §5.
Since the range of the functions we consider is also D, functions are mapped into
functions, stochastic processes are mapped into stochastic processes, and functional
limit theorems are mapped into functional limit theorems. Limits for real-valued
random variables, which are often desired in applications, can be obtained later from
the CMT using projections or other real-valued functions.

All the functions here have been used to prove limit theorems for queues; see
Iglehart and Whitt (1970), Kennedy (1972) and Whitt (1974, 1974a). The earlier
results for queues plus various extensions follow easily from the present paper. The
results here are especially useful for establishing continuity or stability of stochastic
models because then the limiting stochastic processes often do not have continuous
sample paths, cf. Kennedy (1972, 1978), Whitt (1974a) and Zolotarev (1978). In fact,
many of the functions here are treated in Billingsley (1968, §§5, 11, 17) in conjunction
with limit processes such as Brownian motion which have continuous sample paths
w.p.l. For other applications in which limit processes do not necessarily have con-
tinuous paths and the generality here is important, see Bingham (1973), de Haan and
Resnick (1978), Goldie (1977), Lindberger (1978), Serfozo (1973) and Wichura (1974).

The function space D here is slightly more general than in chapter 3 of Billingsley
(1968) because the domain of the functions is allowed to be an arbitrary subinterval of
the real line instead of a compact subinterval and the range is allowed to be an
arbitrary complete separable metric space instead of the real line. The minor gap
between this setting and chapter 3 of Billingsley (1968) is filled in §2. The approach
here is different from that of Stone (1963) or Lindvall (1973) so should be of
independent interest.

For the most part, the topology on D is Skorohod’s (1956) J, topology, as in chapter
3 of Billingsley (1968), but his M, topology is also used in the study of suprema and
first passage times in §§5 and 6. It turns out that the essential properties of the J,
topology carry over to the M, topology, but discussion of the M, topology is
minimized in this paper. The M, topology is introduced only when results unavailable
(J,) are available (M,). However, the investigation of the functions here has been
extended to all the other Skorohod (1956) topologies by Pomarede (1976-1976a).

Previous versions. This paper, a revision of several shorter papers written in
1970~1971, has been distributed since 1973 as a Yale University Technical Report
entitled, “Continuity of Several Functions on the Function Space D.” It is referred to
this way in several of the references.

2. The function space D with Skorohod’s J, topology. The purpose of this section
is to generalize the function space D [0, 1] discussed in chapter 3 of Billingsley (1968)
by allowing the domain of functions to be an arbitrary subinterval of the real line and
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the range to be an arbitrary complete separable metric space. The results are natural
extensions of the results obtained for D[0, o0) by Stone (1963) and Lindvall (1973),
but the methods here are different. Of particular interest is the simple proof of the
theorem characterizing weak convergence of probability measures on the function
space in terms of weak convergence of image measures associated with restrictions to
compact subintervals (Theorem 2.8). We begin by providing preliminary facts about
the topology and the Borel o-field.

Let T be a subinterval of the real line. The endpoints of T can be finite or infinite
and, if finite, open or closed. Let S be a CSMS (complete separable metric space) with
metric m. Let D = D(T)= D(T, S) be the set of all right-continuous S-valued
functions on T with limits from the left. Let D have Skorohod’s (1956) J, topology or
its natural extension to noncompact intervals: a net {x,} converges to x in D(T) if
the restrictions of x, converge to the restriction of x in D([a, b]) for each compact
interval [a, b] C T such that a and b are continuity points of x or endpoints of 7. This
mode of convergence agrees with previous extensions of the /, topology to 7 = [0, o0)
by Stone (1963) and Lindvall (1973). However, this is by no means the only mode of
convergence worth considering. It is often desirable to require more at open boundary
points, but we do not here. (Continuity issues associated with a stronger topology
have recently been investigated by Bauer (1978).)

For T = [a, b}, let p be the uniform metric on D({a, b}), e the identity map on T, A
the set of increasing homeomorphisms of 7. o the composition map, and a\/ b
= max{a, b}. If

d(x, )= inf {p(\ &)V p(x. ¥ * M)}, 2.1)

where p is regarded as the uniform metric on both D(7, T) and D(T, S), then d is the
usual incomplete metric inducing the J, topology on D([a, b]); p. 111 of Billingsley
(1968). It is sometimes convenient to have another representation for d which shows
that there is considerable freedom in the choice of A. For n> 1, let &, be the

collections of allsets A = {t, E T:a=1t,< - - - <t,=b}. For4,,4,€ &, and x|,
x, € D, let w(4,, 4;) = max{|t;, — |, j=0,1,... . n} and
w(xy, X35 4y, A;) = max sup {m[xl(sl)’ xz(sz)]}-

1< j<n tl(j~1)<sl<tlj
12(j~1)<sl<t2j

LemMa 2.1. For x, y € D({a, b)),

d(x,y)=inf inf Ay A Ly Ay, Ay
(x,y)=in A,,/lﬁe@,,{w( b AV w(x, y; A, A7)}
Proor. (<) For 4,, 4, € @,, let A be defined by A(¢,)) = £,;, 0 < j < n, and by
linear interpolation elsewhere. Then p(A, €) = w(A, 45) and p(x,y ° A) < w(x, y:
A, A).
(>) Using Lemma 1 on p. 110 of Billingsley (1968), choose n and 4, € &, fore >0
given so that
max s -1 Ey;)) = max su mi x(s,). x(s < €.
l<j<”w(x [tiG-1 lj)) e, n(,,--n)<sI:s;<t|,{ [x(s1) x( 2)]}
Also choose A so that p(A, ) < d(x,y)+ e and p(x,y o A) < d(x,y)+ e Let 4,
=A(4,). Then 4,€ @,, w(4,, 4;) <pA, ) < d(x,p)+€ w(x,y: A4, Ay <
p(x, y o A) + max, ¢, WX, =y 1)) < d(x,y)+2e 1
REMARKS. The metric d as defined by Lemma 2.1 was introduced and shown to
induce the J, topology by Kolmogorov (1956). Lemma 2.1 itself is due to Pomarede
(1976). Lemma 2.1 shows that it suffices to work with the subset of piecewise linear
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functions in A with only finitely many changes of slope. For further discussion about
metrics inducing the J, topology on D, see §3 of Straf (1970).

The following lemma shows that the specification of convergence in terms of the
restrictions is consistent with the direct definition of convergence for compact
domains.

LemMma 2.2.  If b is a continuity point of x with a < b < ¢, x,— x in D({a, c]) if and
only if the restrictions of x, convergence to restrictions of x in d([a, b]) and D([b, c)).

Proor. (if) If the restrictions converge, use the homeomorphisms A, of [a, b] and
[, c] to construct the homeomorphisms A, of [a, ¢]. Since b is a fixed point for the
homeomorphisms associated with the restrictions, this construction is always possible.

(only if) Since b is a continuity point of x, the homeomorphisms A, of [a, ¢] can be
altered to make b a fixed point and still have p(A,, €)—0 and p(x,, x  A,)—>0. The
restrictions of A, can now be used to get convergence for the restrictions of x,.

Let all topological spaces be endowed with Borel o-fields (generated by the open
subsets). Let o, : D(T, S)—> S be the one-dimensional projection defined for any
x &€ D and t € T by 7,(x) = x(¢), and let r,, : D(T)— D([a, b]) be the restriction to
[a, b] defined for any a < b in T by r,(x)(#) = x(t), a < t < b.

LEMMA 2.3.  The projections m, and the restrictions r,, are measurable for each t and
a<<binT.

ProoF. If 1 is an endpoint of T, then 7, is continuous and thus measurable. If ¢ is
not an endpoint, then =, is continuous at x for almost all + by Lemma 2.2 because
continuity points can be made endpoints. For S = R, follow p. 121 of Billingsley
(1968) and let

-1

hyp(x) = nj;n Tru(X)du, n> 1.

Then 4, is continuous and 7, = lim,,_, _ 4, by the right-continuity of functions in D,
so m, is measurable. For S an arbitrary CSMS, recall that S is homeomorphic to a G;
subset (countable intersection of open subsets) of R, p. 308 of Dugundji (1968), so
we can make the identification and enlarge the range to R . (Note that D(T, §) is
homeomorphic to D(T, S’) if S and S’ are homeomorphic.) Let 4,, map D into R®
by letting h,,(x); = h,(x;), where x,(¢) is the ith coordinate of x(¢) € R®. Then the
argument above for § = R carries over to S = R*. Thus, 7, is measurable with
respect to the Borel o-field of D(T, R*). Note that the J, topology on D(T, S)
coincides with the relative topology induced on D(7, S) by the J, topology on
D(T, R™). (To see this, recall that convergence is characterized by the metric
convergence of the restrictions to compact subintervals of 7 and recall that a
subspace of a metric space with that same metric is a metric space with the relative
topology; Theorem 5.1, p. 186, of Dugundji (1968).) Thus the Borel o-field on D(T, S)
coincides with the trace on D(T, S) of the Borel o-field on D(T, R ®), ie.,
B (D(T, S)) = B (D(T, R®) N D(T, S); cf. Theorem 1.9, p. 5, of Parthasarathy
(1967). Hence, the restriction of =, to D(T, S) is measurable. A similar argument
applies to r,,. For example, if b is not a right endpoint of T, work with A, (xX¢)
= h,(x), a < t < b, where S is regarded as a subset of R*® as above. Note that h,,,
maps D into C[a, b] for each n. Since C|a, b] is a closed subset of D[a, b] with the J,
topology, 4,,,(x) cannot converge to r,,(x) as n — oo in the J, topology if x has jumps
in (a, b). However, it is not difficult to see that A,,,(x) converges to r,(x) in the M,
topology. Moreover, it is not difficult to show that 4,, : D— C|a, b] is continuous
for each n. Hence, r,, is measurable as a mapping from D to D[a, b] if the Borel
o-field associated with the J, topology is used on the domain and the Borel o-field
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associated with the M, topology is used on the range. However, the M, topology 15
known to be metrizable as a complete separable metric space, Whitt (1973) and
Pomarede (1976). Hence. the M, and J, topologies are comparable Souslin topologies,
so their Borel o-fields coincide, p. 124 of Schwartz (1973). »

REMARK. An alternate proof that 7, is measurable can be obtained from a simple
modification of p. 249 of Parthasarathy (1967).

We now want to define a metric on D which induces the J, topology. To do this, we
treat the different possible endpoints of T as separate cases. First, assume that T
contains no finite open endpoints. This assumption entails no loss of generality
because it is easy to construct a homeomorphic space in which finite open endpoints
of T are replaced by *o0. For example, it is easy to see that D([a, b), S) 1s
homemorphic to D([0, oc), S) under the mapping ¢ : D([0, »). §)— D({a. b), §)
defined by ¢(x)(1) = x(Y(1)), a < t < b, where Y()=t(b—t) ' —a(b—a) '.a< 1
< b.

This leaves [a, o¢), (— o, a] and (~ o0, o0) as the relevant possibilities for 7. Since
(— 0, a] is similar to [a, o), we do not discuss (— oo, a] further. For any x. v €
D([a, o0)), let d be defined by

d(x.y)= [Tt em N [, (0. ()AL (2.2)

where a A b =min{q, b} and d, is the metric in (2.1) on D([s, ¢]). For any x,
y € D((— o0, o0)), let d be defined by

A= [ ds[Tat e[ () r(0] AL (23)

The idea in (2.2) and (2.3) is to weight the tails relatively less and to have d-
convergence determined by d_-convergence of the restrictions for almost all s and +.

LemMA 2.4.  The integrals in (2.2) and (2.3) are well defined.

Proor. For each x, y. and s, d,,(r,(x), r,(»)] is continuous in ¢ at each point of
continuity of both x and y. Thus the integrands as functions of ¢ are Riemann (and
thus Lebesgue) integrable. For each x, y, and ¢, d,[r,(x), r,,(¥)] is also continuous in s
at each point of continuity of both x and y. By the Lebesgue Dominated Convergence
Theorem, the integral over ¢ as a function of s is continuous at all points of continuity
of both x and y. Thus the integral over ¢ is Riemann integrable in s. 8

THEOREM 2.5. The functions d in (2.2) and (2.3) are metrics which induce the
extended J | convergence on D(T).

Proor. It is well known that p A 1 is a bounded metric equivalent to p for any
metric p, from which it is easy to deduce that 4 in (2.2) and (2.3) are metrics, If
x, — x, then d,[r,,(x,), r,,(x)]—0 for almost all s and ¢, including s = a in the setting
of (2.2). By the Lebesgue Dominated Convergence Theorem, d(x,, x)—0. On the
other hand, if d(x,, x) -0, then d,,(r,(x,), r,(x))— 0 for all pairs (s, ) such that both
s and ¢ are continuity points of x. To see this, first note that {d,,[r,(x,). r, (XA 1}
has a convergent subsequence for each s and 7. Let s and 7 be continuity points of x
and suppose d,,[r,,(x,), r,(x)] A\ 1 — € > 0 for a subsequence indexed by »". Then it is
not difficult to see that there is a § depending on x and e such that

hnn'{’l;lf dsoto[rsolo(xn')’ rsotn(x)] > 8
for all pairs (sq, f5) with s — 8 <s,<s and < ¢,<:+ 4. This implies that
liminf, ,_ d(x,. x) > 0. which is a contradiction. Hence, d,[r,(x,). ,(x)} >0 when-
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ever s and ¢ are continuity points of x. Since every subsequence converges to 0, the
entire sequence converges to 0. Hence, x, > x. #

THEOREM 2.6.  The space (D, J)) is metrizable as a complete separable metric space.

PrROOF. The metrics 4 in (2.1) if T =][a, b}, in (2.2) if T =[a, o) and in (2.3) if
T = (— o0, o) are not complete, p. 112 of Billingsley (1968), but it is well known that
there is a metric inducing the same topology as 4 in (2.1) which is complete, namely,
d, on p. 113 of Billingsley (1968). If this complete metric is used for d,,, then d in (2.2)
and (2.3) also become complete and induce the same topology. All the previous results
in this section extend to this setting. The main fact to check is that the new

d,lr,(x), r,(»)] is continuous in s and ¢ at points which are continuity points of both
x and y, which is needed in the new version of Lemma 2.4. For separability, a
countable dense set in (D, d) consists of those x with values in a countable dense set
of § which are constant over each interval {(i — 1)/k, i/k)yN T, —nk € i < nk, and
each outside interval (— oo, (nk—1)/k)N T and [n, )N T. 1

LEMMA 2.7.  The Borel o-field on D coincides with the Kolmogorov o-field ( generated
bym,t€T)

The following proof is a variant of one communicated by David Pollard, who in
turn attributes it to Michael Wichura.

Proor. Lemma 2.3 implies that the Kolmogorov o-field is contained in the Borel
o-field. To go the other way, it is possible to follow the proof of Theorem 14.5 of
Billingsley (1968), which involves introducing a new basis for the topology. More
directly, it suffices to show that each continuous real-valued function f on D is
measurable with respect to the Kolmogorov o-field, p. 4 of Parthasarathy (1967).
Suppose T = [0, o), the other cases being treated similarly. For each n > 1, let
¢, : D — D be defined by ¢, (x)f) = x(k/n), k/n <t <(k+1)/n, 0< k < n? and
¢, (x)(2) = x(n), t > n. It is easy to see that ¢,(x)— x as n— oo for each x € D. Since
f 1s continuous, f(¢,,(x))—> f(x) as n— 0. Hence, it suffices to show that fo ¢, is
measurable. However, it is possible to represent f o ¢, as the composition of three
measurable functions. Let 7, : D> §” *+1 be the projection map defined by =,(x)
=[x(0), x(1/n), x(2/n) , ..., x(n)]. Lety, : S"*' = D be defined so that ,(m,(x))
=¢,(x) for each x € D. Hence, fo¢,=fo x[/ o m, Let the domain of =, be
endowed with the Kolmogorov o-field; let S$™*! be endowed with the product
topology, under which the Borel o-field coincides with the product ¢-field; and let the
domain of f be endowed with the J, topology. Since ¢, and f are continuous, they are
Borel-measurable. By Lemma 2.3, 7, is measurable. Since the composition of measur-
able functions is measurable, f o {, o 7, is measurable. &

As on p. 124 of Billingsley (1968), let T,={t €T : P({x€ D : x(1) # x(1 —)))
= 0} for any probability measure P on D(T). The set T ~ T, is at most countable. As
before, let = denote weak convergence of probability measure.

THEOREM 2.8. Let P, n 1, and P be probability measures on D(T). Then P,= P
if and only if Pnrs, = Pr " on D([sy, 1)) for all k and some sequence {[s,, t,], k >1)
with U 2., 5 tk] =

PrOOF. (only if) By Lemmas 2.2 and 2.3, r,, is measurable and continuous almost
surely with respect to P for s, t € Tp,. Thus the CMT can be applied.

(ify Let {5} be a nonincreasing sequence of points in T, and let {tk} be a
nondecreasing sequence of points in T, with 7, > s, for k > 1 and T=UZ., [s t]
Let F be an arbitrary closed subset of D(7, S) and let H, = r, ,k suk(F )). It is easy to
see that F C H, for all k. Moreover, we shall show that F M =1 H,. Assuming this
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for the moment, let € > 0 be given and choose k, so that P(H, ) < P(F)+ e Then,
for k > k,,

lim sup P,(F) <lim sup P,(H, ) = lim sup(Pnr;:,k‘)( ron (F))
n—s A—rC n-s0C ’

<(Prs;-’k])( rSk’k(F) ) = P(Hk)
< P(F)+e

by virtue of the convergence Pn’s:r: = Prs:,kl using the characterization in Theorem 2.1
(i1i) of Billingsley (1968). Since ¢ was arbitrary, this implies P, = P.

It remains to show that N, H, C F. Suppose xe ., H,. We shall show that,
for any € > 0, d(x, F) < e. Since F is closed, this implies that x € F. To be definite,
suppose T = [a, o) so that d is defined in (2.2). For € > 0 given, choose k, so that
S, =a and e %9 < /2. This implies that d(x,y) < di(x, y)+ €/2 for k > ko,
where

dyx,y) = [ "o di €=, [y (x), ra( )] AL

Since x € H, x€ ’:;k‘(’azk (F)). This means that there is a sequence { y,} in F such
that da,ko[ra,ko(x), ra,ko( yo,,)]—‘;O as n—oo0. By Lemma 2.2, d [r,(x), r (¥, )}—0 as
n— oo for all t+ which are continuity points of x in {a, tko], which is almost all 7. Hence,
by the Lebesgue Dominated Convergence Theorem, d,(x, y,) >0 as n— . Choose
ng so that d,(x, y,) < €/2 for n > ny. Then, for n > ng, d(x, y,) < di(x,p,) + €/2 <,
sothatd(x, F)<e 8

REMARK. The proof of Theorem 2.8 is closely related to the general theory of
weak convergence induced by mappings recently developed by Pollard (1977). While
the proof here was obtained independently of Pollard (1977), it is a fairly recent
addition, reaching this form only in 1978 with the aid of a suggestion by Richard
Serfozo.

3. Composition. This section is devoted to the composition function, which is
often used in random time transformations (subordination), cf. §17 of Billingsley
(1968). Recent related results about weak convergence with random time transforma-
tions are contained in Aldous (1978) and Durrett and Resnick (1977).

We begin by defining some subsets of D = D(T, §). Throughout this paper, we
assume subsets of D and other spaces are topologized with the relevant relative
topology and Cartesian products are topologized with the relevant product topology.
Let C = C(T, S) be the subset of continuous funcfions in D; let Cy = C(T), T,) be
the subset of strictly-increasing T,-valued functions in C; let Dy = D(T,, T,) be the
subset of nondecreasing T,-valued functions in D. It is well known that the J,
topology on C coincides with the topology of uniform convergence on compact
intervals. Obviously C and D, are closed subsets of D, while C; is neither open nor
closed. However,.C, is a G; because

Co= 0, .0, (x€C:x(g) = x(p)>0),
q>p
where Q is the set of rationals in T.

Let composition be defined for any (x, y) € D(T5, §) X D(T,, T,) with T, C T, by
(x o YO = x(p(1)), t € T,. It is easy to see that x o y € D(T}, §), which need not be
the case if y& D, For example, let T\, =T,=T,=S=[0,1]; if x = Ij;-. ,; and
y=2""+ 3% (=2 "I3-1_3-n 2-1_p-w+vy, Where I, is the indicator function of the
set A, then x, y € D but x o v has no limit from the leftatr =2"".
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Billingsley (1968, pp. 145, 232) has shown that composition on D([0, 1], R) %
Dy([0, 1}, [0, 1]) is measurable and continuous at (x, y) € C X (C N D). With Lemma
2.7, Billingsley’s arguments also apply when the domains of x and y are more general
intervals and the range of x is a CSMS. To see that composition is not continuous on
D X Dy in any of Skorohod’s (1956) topologies, let T) = T, = T, = § = [0, 1}, x, = x
=1, y(0=2""and y,() ="' —n""), 0< 1 <L Then (x, ° y,)() =0 while
(xeoyy=1,0<1<1

THEOREM 3.1.  The composition mapping on D(T,, S) X D(T,, T,) is continuous at
each (x, y) € (C X D) U (D X Cp).

REMARK. H. Bauer has noted [2, p. 28] that an additional assumption is needed
when (x, y) € (D X Cy). It suffices for T, to be open on the right. If T, has the right
endpoint b, then it suffices for x to be continuous at y(b).

PrOOF. (i) Suppose (x,, y,)—(x, y) in D X D, with (x, y) € C X D, It suffices to
look at compact domains. Choose [a, b] C T, so that a and b are continuity points of
y or endpoints of T,. Since y,—y for the restrictions to [a, b], the range of the
restrictions of y,, n> 1, and y to [a, b] is contained in a compact subinterval
[c,d}C T,. Since x € C and x, —> x, p(x,, x) >0 for the restrictions to [c, d]. Let A,
be homeomorphisms of [a, b] such that p(A,, €)—0 and p(y,, y ° A,)—>0. Working
with the restrictions to compact domains, we have by the triangle inequality
P(X, ° Yy X 0y o N) < p(X, © Yo X © y,) + p(x © y,, x o y o A). The first term con-
verges to 0 because p(x,, x)—>0 and the second term converges to 0 because x € C
and p(y,, y ° A,)—0.

(ii) Suppose (x,, y,)—>(x,y) in D X D, with (x, y) € D X C,. Again it suffices to
look at compact domains. Choose [a, 4] so that a and b are continuity points of x o y
or endpoints of T,. Choose [c, d] C T, so that the restrictions of y,, n > 1, and y to
[a, b] have values in [c, d] and so that ¢ and 4 are continuity points of x or endpoints
of T;. We now work with the restrictions to the compact domains. Let A, n > 1, be
homeomorphisms of [c, ] such that p(x,, x = A,) >0 and p(A,, €)—0. Let p,, n > 1,
be elements of A([a, b]). By the triangle inequality, p(x, o y,, x o y o u,)
<Pp(X, © Y X oA 0oy )+p(x oA, oy, xoyop,) Since the first term on the right
converges to 0 as n— oo, it suffices to construct p, for each € > 0 so that p(p,, €) < €
and p(x o A, © y,, x o y o )< e for sufficiently large n. The idea is to let y, be
approximately y ™' o A, o y,. This cannot actually be the solution because y, need not
be continuous or strictly increasing, but it suffices to define w, on a finite subset this
way and use linear interpolation elsewhere. This works because y, — y where y € C,,.

By Lemma 1 on p 110 of Billingsley (1968) there exists a finite set of points {1}
such thatc =1, < - - - <1, = d and w(x; (-p 1) = SUP, _ <s,, 1<y {m[x(s,), x(s,)]}
<e 1< j< n Smce a and b are contlnulty pomts of x o y, the finite set can be
chosen so that either y(a) = ¢ or y(a) is not included in the set. Similarly, y(b) = d or
it is not included. Furthermore, the finite set {4;} can be chosen by adding points if
necessary, so that y~'(s, )~ y (1) < ¢/2 for (@) <5<ty < p(b), y () —a
< ¢/2 for f; the smallest point greater than y(a), and b -y l(t) < e€/2 for ;; the
largest pomt less than y(b). Let ny be such that p(y~' o A, o v, e) <e/2forn > ng,
which exists by part (i). Let /* = max{i: ¢ < y(a)}, m"‘ =min{i : t; > y(b)} and
=t 0< i< m*— [* For sufficiently large n, {4} is the relevant subset of {1}.
Let 5, =inf{s : A, o y,(s) > 4}, 0< i< m*—1I* and n > 1. For all n sufficiently
large, s, < Sp41p 0<i<m*—1*— 1, and |5, — y W) < e€/2, | < i < m* — I* —
1. Hence, for sufficiently large n, we can define p, by p,(s,) =y " '(4), 1 < i < m* —
[* =1, and by linear interpolation elsewhere. Since (A, ° y,X?) € [u, u,., ), if and only
if (y o p)0) € [wu;,)),

p(x oA oy xoyop)< max wix, [1_,))<e

1<j<n
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Also, by the triangle inequality,

p( 1, €) < p( TR Ul W y,,) + ,o(ﬂv~l oA, ° Ve €)
By construction,

ot ¥ 7 o Ay 0 ) <max{ p T Nuy ) =y (w)} < e/2

and, forn > ng, p(y ' o A, 0y, )< €/2. 8

REMARK. A different proof of (i) above can be obtained from Theorem 2.6.1 of
Skorohod (1956). The idea is to show that (x, o y,) converges pointwise on a dense
set, which is easy, and then control Skorohod’s J, modulus for x, o y, in terms of
moduli for x, and y,. In fact, for any (x, y) € D X Dy, w', . (8) < w',(8) for w” in
(14.44) of Billingsley (1968). This inequality does not hold for w' in (14.6) of
Billingsley (1968): let 7', = T, =Ty =S ={0, 1], x = 115 1y v =(1/3) 5, 2y + 2/3)
Ijy /5,1y and & = 2/3 (example due to Michael Wichura).

Composition is also continuous in the following more special situation; Lemma 3.1
of Kennedy (1972). Let F = F(T,, S) be the subset of functions in D with discon-
tinuities only at integer points in T5. Let G = G(T, T,) be the subset of functions in
D, with integer values. Obviously F and G are closed subsets of D.

THEOREM 3.2.  Composition is continuous on F X G.

PrROOF. Suppose (x,, y,)—(x, ¥) in F X G. Working with the restrictions to com-
pact domains, we have via the triangle inequality that p(x, o y,, x o y o A)
Sp(x, e Y xey)tp(xop,xoved) If A, are homeomorphsims such that
(Vs ¥ © A)—0 and p(A,, e)—0, then y, = y o A, for sufficiently large n because y,
and y are integer-valued. Hence, the second term on the right is 0 for sufficiently large
n. The first term converges to 0 because d-convergence coincides with p-convergence
onF.

It is also of interest to have a “converse” to continuity for composition, which
provides convergence for stochastic processes based on convergence of embedded
processes.

THEOREM 3.3. Suppose x, o y,—z in D(la, b]) and y,—y in C N Dy(la, b]) with
y € Cqy. Then

(i) x,—>z o y~"in D((y(a), y(b)); and

(i) if y,(a) = y(a) and y,(b) = y(b) for all n sufficiently large, then x,—z > y ' in
D([y(a), y(b))).

ProOF. (1) Since y,—p, y,(a)<c and y,(b)>d for any compact {c, d]
C (y(a), p(b)) for sufficiently large n. Since y,—y, y,'— y~! on [c, d), where
y W (O =inf{u>a:y,(u)>1}, c<t<d, cf. Theorem 7.2. Choose [c, d] so that
¥~ '(c) and y ~(d) are continuity points of z. By Theorem 3.1, x, o y, o y, ' >z o y ™!
on [c, d]. When y,(a) < ¢ and y,(b) > d, y, © y, ' = e, where e is the identity map on
[c, d] since y, € C, s0 x, = X, ° y, o ¥, ' on [c, d] for sufficiently large n. Note that
¥, oy, '=-ewhiley "oy # ein general

(i) If y,(a) = y(a) and y,(b) = y(b), [ y(a), v(b)] can be used instead of [c, ] in (i).

ReMARk. If y, is not continuous in Theorem 3.3, an extra condition on the
fluctuations of x, is needed. For example, let all domains be [0, 1}, let y =,
Yo=(e+n" ', DAL x(1)=0, 0< <], x,27'+@2n) " H=1 x,()=0, 1
€27 27"+ n" !}, and x, defined by linear interpolation elsewhere. Then x, o y,
=x, y,—¥, y € Cy and all functions are continuous except y,, but {x,} does not
converge.

We conclude this section with an extension of Theorem 3.3 in the weak conver-
gence setting, motivated by Lemma 2 of Iglehart and Whitt (1971). For a different
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approach, see Serfozo (1975). As in the remark following Theorem 3.1, we need T, to
be open on the right in the following theorem and corollary.

THeoReM 3.4. Let (X,, Y,) be random elements of D(T;, S)X DT,, T,) with
T, C T, and let y be a nonrandom element of C(T,, T,). If

() {X,} is relatively compact in D(y(T)), S),

(ii) Y,=y in Dy, and

(iii) the finite-dimensional distributions of X, o Y, converge at all points in a dense
subset of T\, then X, o Y,=Z in D(T,S) for some random element Z and X,
=Z >y~ lin D(y(T)), S).

Proor. By (i) and Theorem 2.3 of Billingsley (1968), it suffices to show that every
weakly convergent subsequence has the same limit. Suppose X, = X’ and X,.= X".
By (ii) and Theorem 4.4 of Billingsley (1968), (X,, Y,)=(X’,y) and (X,., Y,.)
=(X", y). By Theorem 3.1, X,. o Y, = X' o yand X,.. o Y,.=> X" o y. However, (iii)
implies that X’ o y~ X" o y, where ~ means equality in distribution, because the
finite-dimensional distributions uniquely determine a measure on D. Since y € C,,
X'~ X" on [ y(a), y(b)]. Hence, X, => X for some random element X. Let Z = X o y.
By Theorem 3.1, X, o ¥,=Z and X, o Y, 0oy '=Xoyoyp '=Zoy l=X 4

ReMark. Conditions (ii) and (iii) above do not imply convergence of the finite-
dimensional distributions of {X,} in Theorem 3.4. For example, let 7T, =T, =
T,=8=[0,1], y(&)=1t, y,(t)=[nt]/n, x(1)=0, 0<t< 1, and x,=
3% =0 Likn-1+@m)-1, (k+ 1)n-1y Where [a] is the integer part of a. Then (x, y) € C X C,,
Va2V Xy 0 Y (f)=x 0 p(H)=0, 0 <t < 1, but x,(¢) fails to converge to x(¢) at any
te@® 1.

Let F(x,, y,; a, b) denote the maximum fluctuation of x, in D([ y(a), y(b)]) over
any jump of y, in Dy([a; b}); that is, let

F (e o @, B) = sup{m[ (), x(2)] : y(a)
<y (t=)<u o<y ()< p(b)a<t<b}, (31

where y,(a ) and y,(b) are redefined to be y(a) and y(b) if y,(b—)> y(a) or
Ya(b) < y(b). Let T, be the subset of points in T, which are either continuity points of
Z w.p.l. or endpoints of T,.

CoROLLARY 1. Let (X,,Y,) be random elements of D(T,, S)X D(T,, T,) with
T,C T3, S= R, and y a nonrandom element of C,. If

(i) Y,=y in D

(i) X, Y,=Zin D,

(i) F(X,, Y,; a,b)=0 for all a and b in T,, then

X,=Zoy~" inD(y(T)), R).
If Z € C w.p.l., then (iii) is a necessary condition.

Proor. Obviously (i) and (ii) here imply (ii) and (iii) in Theorem 3.4, so it suffices

to show that {X,} is tight. Let a, b € T,. Obviously
*sup X, (DI < sup |X, o Y, ())|+ F(X,, Y,; a, b),
yv(@)<t< y(b) a<t<b

so (i) of Theorem 15.2 of Billingsley (1968) follows from (ii) and (iii). Since y € Cg, for
any § >0 there is a y >0 such that y(¢) — y(s) > 2y for all s and ¢ such that
a<s<t<bandr~-s>38. (The continuous function f(r) = y(s) — y(z — 8) attains
its infimum on [a + §, b].) Since Y, => y, for this § and any 5 > 0, P( Y, () = Y,(5_)
>y, all ))>1— 7 for any set {;} in [y(a), y(b)] with 1, — 1;,_, > § for sufficiently
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large n, where 7 is independent of {7,}. Hence, for each €. n > 0, there exist 3, y > 0
and n, so that

P(wy (Y) > 2€) < P(wy ., (8) > €)+ PQF(X,, Y,;a,b)>¢€)+ 1 <3

for n > n, where w’ is the modulus in (14.6) of Billingsley (1968), so that (i) of
Theorem 15.2 of Billingsley (1968) is satisfied. Thus { X} is tight.
To see that (iii) is necessary when P(Z € C) = ], note that

P(F(X,, Y,;a.b) > ¢) < P(wy (8) > ) + P( sup [Y,(1) = Y (=) > 8),

where w is the modulus in (14.2) of Billingsley (1968) on [ y(a), y(b)]. If P(Z € C)
=1, then P(Z - y~' € C)=1 so that {X,} is C-tight. Lemmas 3 and 4 of Iglehart
and Whitt (1971) show that the right side converges to 0 as n—> o for any € > 0. 1

Prior to Theorem 3.4, our results have been expressed in a deterministic setting,
from which applications to stochastic settings are immediate. However, it is also
possible to go the other way, which shows that Theorem 3.4 applies to all modes of
stochastic convergence. Since x,— x if and only if P,= P, where P, and P are
measures attaching unit mass to x, and x, p. 12 of Billingsiey (1968), we have the
following.

COROLLARY 2. Let (x,,y,) be elements of D(T;, S)X D(T,, T,) with T, C T,
S=Randye€ Cy If y,>yin Dy, x, o y,—>zin D, and F(x,, y,; a, b)—0 for all a
and b which are continuily points of z, then

x,=>z oy Vin D(y(T}), R).
If z € C, then F(x,, y,; a.b)—0 for all a and b in T is a necessary condition.

REMARK. Obviously (i) in Theorem 3.4 is a necessary condition and we have just
seen that (iii) in Corollaries 1 and 2 is necessary when P(Z € C) =1, but (iii) in
Corollaries 1 and 2 is not necessary in general. For example, let all domains be [0, 1],
let x=1p-yp X%, = Ip-rppiyp ¥ =€ V() =t y-yupz-t+2nm1 1) + Q@ '+2n7h
Ip-1 312, (0), 0 < 1 < L. Then F(x,, y,; 0, 1) =1 while x, > x, y,—y, and x, > y,

—> X oy,

4. Addition and multiplication. Let a binary operation + called addition be
defined on the CSMS (S, m) such that m(s, + s,, 55 + 5,) < m(s,, 53) + m(s,, 5,) for
all 5,, 5,, 55 54 € S. It suffices for S to be a topological group with m generated by a
norm: m(s,, s,) = ||s, — $,}j and ||, + 5,|| < |[5,]| + |is,||. For example, a Banach space
will do. Define addition in D(T, S) by (x + v)#) = x(¢) + y(#), t € T. Addition is
obviously continuous on D x D at (x,y) € C X C because for compact intervals
o(x, + y,, x + y) < p(X,, X) + p(y,, ¥) by virture of the initial assumption. However,
addition is not continuous in general (Problem 3 on p. 123 of Billingsley (1968)): let
all domains be [0, 1Jandlet S=R;if y= —x= —x, =I5 yand y, = Ip-14 - 1p
then x, = x and y,-»y, but {x, +y,} does not converge. (The minus sign in this
example shows that addition is not continuous in any of Skorohod’s (1956) topolo-
gies.) Consequently, D is not a topological group and much of classical functional
analysis does not apply. The example above also illustrates that the product topology
on D(T, S)? is weaker than the J, topology on D(T, S?) with the product topology on
S2: (x,, y,)—(x, y) in the first topology, but not the second. It is easy to see that
addition is continuous in the J, topology on D(T, S?), so an alternate way to show
that addition preserves convergence is to demonstrate convergence in D(7, S?) with
the J, topology. This approach has recently been pursued by Pakshirajan and Mohan
(1978).
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Let Dise(x) be the set of discontinuity points of x in T. Since {(x, y) : Disc(x) N
Disc(y) =@} is the intersection over n of the (open) sets of (x, y) which have no
common discontinuities of size at least n~ ', this set is a G.

THEOREM 4.1. Addition on D X D is measurable and continuous at those (x, y) for
which Disc(x) N Disc(y) =@.

PROOF. (measurability) By Lemma 2.7, it suffices to show that the map (x, y)
—x(?) + y(¢) from D X D to S is measurable for each ¢ € T, but this follows since
this map is the composition of the measurable maps (x, y)—(x(1), y(¥)) and (s, 5)
-5+ 5.

(continuity) Let @ and b be continuity points of both x and y in T and fix € > 0.
Apply Lemma 1 on p. 110 of Billingsley (1968) to construct finite subsets 4, = {¢;}
and A, = {s;} of [a,b] such that a=¢,< - <, =b, a=5< -+ <s5,=b,
w(x; [y, ) < eand w(y; [5,_y, 5)) < € for all j. Since Disc(x) N Disc(y) =@, the
two sets 4, and 4, can be chosen so that 4, 0 4, = {a, b}. Note that w(x; [;_y, 1,))
<eand w(y; [f;_, ) < e for {1} =AU A, Let 28 be the distance between the
closest two points in 4, U 4,. Choose n, and homeomorphisms A, and u, so that
(% x 2 AY< (B A€, phy © <BAE, PV ¥ © 1) <(BA€), and plp,, €) <(BA
€) for n > ny. Thus, for n > ng, A, (4D N p '(4,) = {a, b} and A7 '(4) U 7 (4)
has corresponding points in the same order as 4, U 4,. Let y, be homeomorphsims of
[a, b] defined by v,(1)=1 for corresponding points £ €\, '(4,)U p, '(4,) and
1 € A} U A, and by linear interpolation elsewhere. Then p(y,, €) < € and p(x, + y,,
(x+y)oy)<p(x, x°v,)+p(y,» o v, <2¢ with the first inequality holding be-
cause of the initial assumption about m and +. &

Now let S= R and consider pointwise multiplication on D X D, defined by
Gy )y = x()y(2), t € T. The example for addition with 1 added to y,, y and 1
subtracted from x,, x shows that multiplication is not continuous in general.

THEOREM 4.2.  Multiplication is measurable on D(T, R) X D(T, R) and continuous
at those x, y for which Disc(x) N Disc(y) = @.

Proor. The argument for Theorem 4.1 applies with only minor modification.
Only the last step of the continuity argument must be changed: p(x,y,, (xy) ° ¥v,)
< p(xn.yn’ .yn(x ° Yn)) + p(,yn(x ° Yn)’ (x)") ° .Yn) < “,yn”p(xm X ° Yn) + ”x”P()’m}’ ° Yn)?
where x| = sup, ¢, [X(#)] < o0. Since y, -y, sup,,, [y, < . 8

For stochastic applications of Theorems 4.1 and 4.2, we have

LEMMA 4.3. If X and Y are independent random elements of D with P(X(1)
=X({~-)=1forallt €T, then

P(Disc(X) N Disc(Y) # @) =0.
PrOOF. Since X and Y are independent, we can write
P(Disc(X) N Dise(Y) # ¢) = [ P(X € A(»)P(Y € dy),

where A(y)= {x : Disc(x) N Disc(y) # @)}. For any y € D, P(X EA(y)) =
2iepisyy PX() # X(1=)=0. »

5. Composition with translation. Theorem 4.1 can be combined with §3 to treat
composition with translation. For the following theorem, let x,, x, z € D(7T, R),
I E DT, T), o€ C(T, T) and y,— y. Let b, and c, be real constants, and let
F(x,. y,; a, b) be as in (3.1).
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THEOREM 5.1.
() If (x, — ¢,e)—>x, ¢, (v, — b,e)— z. and Disc(x o y) N Disc(z) =@, then

(X, v, = bc,e)>xcv+z inD(T, R).

() If (x, oy, = b,c,e)—>x, ¢,(v, — be)—z. v, € CN D, and Disc(x) N Disc(z)
=@, then

I

(x, —ce)>xey ' —zoy ' in D(T.R).

@) If (x, o y, — b,c,e)—> x, ¢,(v, — b,e)—>z, F(x,,y,, a,b)—0 for all a and b
which are continuity points of z or endpoints of T, and Disc(x) N Disc(z) = @ then
—zoy ! inD(T. R).

(x, — c,e)>x e p!

PrROOF. (i) A direct application of Theorems 3.1 and 4.1 does the job because
(x’l ° .y’l - b'lcne) = ('x’l - Cne) © ./V’l + Cn(yn - bﬂe)

(i) By Theorem 4.1, (x, — c,e) o v, =(x, ° v, — b,c,e) — ¢,(y, — b,e) > x — :z.
Now apply Theorem 3.3.

(iif) Apply Theorem 4.1 as in (i1), then use Corollary 2 to Theorem 3.4. &

REMARK. This relatively trivial extension of previous results is included because
there are many stochastic applications. As a simple example, suppose (X, Y) is a
random element of D({0, ). R) X Dy([0, ), R) such that (U,, V,)=(U, V), where
U, (D=n""[X(nt) — nA,t] and V, (1) = n~*[Y(nr) — nu,t], t > 0, with A, p,, and «
being constants such that « < 1, p,—p > 0 and A, — . To put this in our setting, let
X, ()= n"°X(nt), y,()=n""'Y(nr), ¢, = n'"*\,, and b, = p,. Then y,— pe by the
CMT because V, — V, and [(x, ~ c,e), y,, ¢,(y, — b,e)]=[U, e, V'] by Theorem 4.4
of Billingsley (1968). If P(Disc(U o pe) N Disc(V) # @) =0, then W,=U o pe + V
by the CMT and Theorem 5.1(1), where W, (1) = n *[X (Y (n5)) — A,p,nt], 1t > 0. In
this way, Corollary 1 and Theorem 1 of Iglehart and Kennedy (1970) are extended.
See Serfozo (1973), (1975) and references there for more applications of §§3-5.

6. Supremum. Throughout §§6 and 7 let S = R and let 7 have 0 as a closed left
endpoint. For any x € D, let x'(¢) = supy, ., x(s5), 1 € T. (We could look at x'(s, 1)
= sup, ., <, X(u), u € T, which would put x' in the space D with a two-dimensioanl
parameter space, cf. Straf (1970), but we have chosen not to consider multidimen-
sional parameter spaces in this paper.) The supremum function 1 is easily seen to be
continuous in each of Skorohod’s (1956) topologies. In fact, with the metric d in (2.1)
or (2.2), we have a Lipschitz property which does not hold for the previous functions.

THEOREM 6.1.  For all x. vy € D. d(x". y") < d(x, v).

Proor. If x'(¢) > y"(A(2)) + € for some 1 € 7 and A € A, then there is an 5 < ¢
such that x(s) > vI(A(?)) + € > y(A(5)) + €. Similarly, if »'() > x"(A" (1)) + €. then
Y& > xAT) + €50 x(5) < y(A(s) — € a

Below we will have occasion to use Skorohod’s (1956) M, topology. Virtually
everything up to this point, including Theorem 2.6, carries over. The M, topology is
weaker than the J, topology and coincides with the topology of pointwise convergence
on the subset D, of nondecreasing real-valued functions in D. We say that x, — x(A4)
if the A topology is used on D, where 4 =J,, M, or U (uniform convergence on
compact intervals). Let ¢,. n > 1. be real numbers.

THEOREM 6.2.  Suppose that (x,, — c,e)— x(J ).

() If c,— ¢, then x} —(x + ce)!(J,).

(1) If ¢, —> + o0 and x has no negative jump. then (x, — c,e)— x(J)).
(i) If ¢,— — o0, then x| — y(U). where v(1)= x(0). t € T.
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ProoOF. (i) By Theorem 4.1, x, —» x + ce. Then apply Theorem 6.1.

(1) It suffices to use the compact domain [0, b] where b is a continuity point of x or
the right endpoint of T. Let A, € A[0, b] be such that p(x, — c,e, x < A,) >0 and
p(A,, €)— 0. Since x, < x], it suffices to show for any € > 0 that there exists an n, such
that x[(f) — ¢,t — x(A, (1)) < €, 0 < t < b, n > n,. Since x, — ¢,e > x, there is an n,
such that x,(s) — c,s — x(A,(s)) < €/2 for all s < 1, n > n,. Since x has no negative
Jumps and ¢, — co, there exists an n, > n, such that x(A,(s)) — x(\,(?)) < ¢,(z — 5) +
€/2 for all s < t, n > ny,. Adding completes the proof.

(i) Since x](s) > x](0) = x,(0) — x(0) as n — oo, it suffices to show for each 7 > 0
and € > 0 that there exists an n, such that x,(s) < x(0)+ ¢, 0 < s < ¢, n > n, Using
the right-continuity of x, choose #, > 0 so that x'(zg) < x(0) + €/2. Choose n, so that
¢ ON(=2x"(0)/ 10)), d/(x, — c,e, x) < €/2, and p,(A,, ) < t,/2 for n > ny Then
X, (8) — ¢,5 < x(\,(5)) + €/2, 0 < s < 1, 50 that x,(s) < ¢,5 + x"(t)) + €/2 < x(0) + ¢
if s<#/2and x,(s)<cs+x"(D)+e/2< —x")+ x" )+ e/2<€/2 if t,/2< s
<t

THEOREM 6.3.  Suppose that (x, — c,e)— x(M,).

() If c,—>c, then x} —(x + ce)(M,).

(i) If ¢, > + o0, then (x] — c,€) - x(M,).

(i) If ¢, — — oo, then x] — y(U) where y(t) = x(0), t € T.

ProoF. We only prove (ii). The argument in the proof of Theorem 6.2(ii) applies
again, but since the parametric representations move continuously along the com-
pleted graphs, it is not necessary to prohibit negative jumps in x. Again, let b be a
continuity point of x. If (x, — c,e)—x, there exist parametric representations
[ 1. (5)s 2,(5)] and [ y(s), 1(s)] of the completed graphs of (x, — ¢,e) and x on [0, b] such
that p(y,, y) + p(2,, 1) — 0, where y,, y, ,, and ¢ are continuous functions on [0, 1] say.
Since e is the identity, y, = z, — c,t, on [0, 1], where [z,, t,] is a parametric representa-
tion of the completed graph of x,. As before, since x] > x,, it suffices to show that
2,(r) = ¢, () < y(s) + € 0 < r <5 <1, for sufficiently large n. Since c,—> oo and y
is bounded and continuous on [0, 1], y(r) < y(s) + ¢,{£,(s) — t,(N] + €/2, 0< r< s
< 1. Since x, — c,e > x(M,), z,(r) — ¢,1,(r) < y(r) + €/2, 0 < r < 1. Adding com-
pletes the proof. u

Needless to say, corresponding results hold for the infimum function x! because
xt = —(—x)!. Also closely related is the function f: D—D defined for any x € D by
f(x)=x — x!. The function f, which corresponds to the addition of an impenetrable
barrier at the origin, frequently arises in the study of queues. The following is a
generalization of Theorem 1 of Iglehart and Whitt (1970). Let 8(r) =0, t € T.

THEOREM 6.4.  Suppose (x, — c,e)— x(J,), where x(0) = 0.

() If ¢, —c, then f(x,)— f(x + ce)(J)).

(1) If ¢,—> + 0, then f(x,) — c,e > x(J)).

(1) If ¢, — oo and x has no positive jumps, then f(x,)— §(U).

Proor. (i) By Theorem 4.1, x,— x + ce, but then f is continuous in each of
Skorohod’s (1956) topologies. In fact, an analog of Theorem 6.1 is easy to prove.

(i) By Theorem 4.1 and 6.2(iii), f(x,) — c,e = x, — c,e — x} = x, — c,e + (— x,)'
- X.

(i) Note that f(x,) = x, — ¢,e — (x! — c,e). By Theorem 6.2(ii), (x! — c,e)— x.
Theorem 4.1 cannot be applied for the subtraction unless x € C, but the same
homeomorphsims A, can be used for both x, — c,e - x and x} — c,e— x. Hence,
f(x,)— 8.

7. Inverse or first passage time. It is convenient to discuss first passage times in
the subset E of functions in D([0, «), R) which are unbounded above and have
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x(0) > 0. Since E =N, B, where B, is the closed subset of functions in D which
are bounded above by n and have x(0) > 0, E is a G, subset. For x € E, let the first
passage time function be defined by x ~!(r) = inf{s > 0 : x(s) > 1}, 7 > 0. It is easy to
see that x 7' € E N Dy([0, o), [0, o0)). As in §6, we use the J,. M, and U topologies
on D. To start with, the first passage time function is not continuous in the J,
topology. For example. let x = 21jg 5 + elj; ) and x,=(2—n" )10 pt@2+n ‘)
Iy ysn-ty+ €lpyn1 oy then x”'—x7!(M)) but not (J) since x, (l)= i for all
n>1

THEOREM 7.1. The first passage time function mapping E(M)) into E N D(M,) is
continuous.

Proor. Whitt (1971). It suffices to look at nondecreasing functions in E because
the supremum function is continuous (M). Then each parametric representation [ y, ]
of the completed graph of x can serve as a parametric representation of the completed
graph of x ~! when the roles of y and ¢ are switched.

ReMARK. Continuity of the supremum and first passage time functions in the M,
topology is not as uscful as it might appear because M, convergence on D, is
equivalent to pointwise convergence at all continuity points of the limit functior plus
all closed bounded endpoints of 7. This follows from 2.4.1 of Skorohod (1956)
because A, (¢, x) =0 for all x € D,. Furthermore, weak convergence of random
functions in (Dy, M) is characterized by weak convergence of the corresponding
finite-dimensional distributions for 1 € 7.

THEOREM 7.2. The first passage time function mapping E(J\) into E N Dy(J)) is
measurable and continuous at each strictly increasing x.

PROOF. (measurability) By Theorem 7.1, continuity implies measurability if the M,
topology is used. However, the o-fields generated by the M, and J, topologies
coincide. This can be seen from Lemma 2.7 plus a corresponding result for the M,
topology. More generally, the topological o-fields associated with two comparable
Souslin topologies on the same space coincide by virtue of the separation lemma; p.
124 of Schwartz (1973). Alternatively, by an analog of Lemma 2.7 for M, it suffices to
show that the mapping x — x ~!(¢) is measurable for each ¢, but this follows because

x~1(¥) > a is equivalent to x(a) < ¢, cf. Lemma 4 of Vervaat (1972).

(continuity) Since x, — x(J,), x, — x(M,) because the M, topology is weaker than
the J,. Then x, ' — x~ 1(M ) by Theorem 7.1. Since x = € C x, ' = x " Y(U) and thus
also (.l N |

As a dual to Theorem 6.2(ii), we have the following result (due to W. Vervaat, who
in turn was inspired by (2.9) of Gut (1975)).

TueoreMm 7.3. If ¢, — o, x, € E, x has no positive jumps, x(0) =0, and c,(x, — €)
- x(J)), then ¢,(x, ' — e)— — x(J)).

ReMARK. The need for the condition x(0) = 0 was noted by Bauer {2, p. 49].

PrOOF. Since ¢,(x, — €)—x(J}), x,—e(U). By Theorem 7.2, x] ' —e(U). By
Theorem 3.1, ¢,(x, ° x, ' — x, ')—x. By Theorem 4.1, it suffices to show that
c,(x, o x, ' — e)—>0. Let J* (x) be the supremum of the positive jumps of x in [0, 7],
where x(0) is mterpreted as the jump at 7 =0. Since x has no positive jumps and
e, (x, — &)= x, ¢,J,; (x,)—=0. However, x, o x;'(1) = 1 < J X 1y(x,). Hence,
e, (x, o x; ' — e)(t) < ¢, Jyp(x,) < eforallt < b and all n sufficiently large. @

ReMARK. The special case of Theorem 7.3 in which x € C is covered by Theorem
6.2 here plus Theorem 1 of Iglehart and Whitt (1971) or Lemmas 1 and 2 of Vervaat
(1972).
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The following result shows that x € C is necessary if we want convergence for both
the supremum and first passage times.

TueoreM 74. If ¢, >, x, € E, c,(x] — e)—>x(J) and c,(x;' — e)— —x(J)),
then x € C.

ProoF. Since the J, topology is in effect and c,(x] — ) has no negative jumps,
neither does x. Since ¢,(x, ' — e) has no negative jumps, neither does —x.
Corresponding to Theorem 6.3(ii), we have

THeOREM 7.5. Let x, € E and c,— 0. If ¢ (x, — e)— x(M)) then c,(x;' —e)
- —x(M)).

Proor. By Theorem 6.3, we can assume x, is nondecreasing for each n. Let [ y,, ,]
and [y, 1] be parametric representations of the graphs of ¢,(x, — €) and x associated
with ¢,(x, — e)—>x. If z, = ¢, Yy, +1,, then [z, t,], [1,, z,}, and [c,(2, — z,), z,] are
parametric representations for x,, x,”', and ¢,(x,” ! — e), respectively. Since y, - y and
t,—t uniformly on compact sets, z, =c, 'y, +t,—t and ¢,(t, — z,)= —y,—> —»
uniformly on compact sets. Hence, c,(x, ' — e)— — x(M,).

Applications are facilitated by the easily proved

LeMMA 7.6. If x € E and X is a homeomorphism of [0, ), then (x"HoA
=M 'ox) land (x o A) T=A"T o x7L,

COROLLARY. Let x, € E, c,— o0, and a > 0. If c,(x, — ae)— x(M)) or (J) if x has
no positive jumps, then c,(x, ' — a~'e)— —a~'x o a”'e in the same topology.

'x, —e), ac,(la 'x,]”! —e)> —x by

o ge by Lemma 7.6, ac,(x, ' o ae — ¢)
—~a"'e)— —x o a”'e by Theorem 3.1 and ¢, (x, ' —a”e)

n

ProoF. Since c¢,(x, — ae)=ac,(a”
Theorems 7.3 and 7.5. Since [a " 'x,] ™' = x,
—» —x. Finally, ac,(x,'
—»>—a'xoale. u

REMARK. Distributional complements to the results in §§6 and 7 plus an indica-
tion of possible applications are contained in Bingham (1973) and references there.
First passage times with more general boundary functions are treated by Chow and
Hsiung (1976), Gut (1973), (1975), Lindberger (1978), Mohan (1976) and Pakshirajan
and Mohan (1978). Recent related results are contained in Bauer (1978), Goldie
(1977) and de Haan and Resnick (1978).

8. Time reversal. Let D be D([0, 1], §) where (S, m) is a complete separable
metric group under + and m is translation invariant (§ = R* is one possibility). Use
the metric 4 in (2.1). Assume that x(1) = x(1 —) for all x € D, which amounts to
looking at a closed subset. Let D, be the closed subset of D in which x(0) = 4, where #
is the identity in (S, +). Let R : D — D be the reverse-time function defined for any
x € D by

lim x(1-s), 0<:<1,
R(x)(r) = =1+
x(0), t=1.

Let r : D — D, be the reverse-time function starting at 9, defined for any x € D by
r(x)(t) = R(x)(t) — x(1), 0 < 7 < 1. To see how the time reversal functions can be
applied, note that f(x) = r(x)" for x € D,([0, 1], R) and f the barrier function in
Theorem 6.4.

THEOREM 8.1, d[R(x), R(y)]=d(x,y) on D X D and d[r(x), r(y)] < 2d(x, y) on
D X D and D, X D,.
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ProoF. Obviously the maps are one-to-one and onto. Note that (— r) maps A into
itself and (—r)(e) = e, where ¢ is the identity in A. Note that p(Rx, Ry) = p(x, v) and
p(rx, ry) < p(x, y) + m[x(1), y(1)] € 2p(x, y). Then note that R(x) o (—r)}A)
= R(x o A) for (x, )€ D X A and r(x) o (=rYA)=r(x « A) for (x.A) & D, x A.
For any (x, y) € D X D, let dy(x. ) be the minimum of p(x. » = A) and p(}, ). Then

di- pn(Rx, Ry) = p(Rx, Ry o (= r)A) \V/ p((—r)A. €)
=p(Rx, R(y - M)}V p((= A (—r)e)
= p(x.7 = A)\/p(A, €)
= d\(x, y).

Consequently, d(Rx, Ry) = d(x, y). The same argument applies to r. &
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