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ABSTRACT. In this note we introduce and solve a soft classification version of the famous Bayesian sequential
testing problem for a Brownian motion’s drift. We establish that the value function is the unique non-trivial
solution to a free boundary problem, and that the continuation region is characterized by two boundaries
which may coincide if the observed signal is not strong enough. By exploiting the solution structure we are
able to characterize the functional dependence of the stopping boundaries on the signal-to-noise ratio. We
illustrate this relationship and compare our stopping boundaries to those derived in the classical setting.

1. INTRODUCTION AND PROBLEM SET-UP

A classic continuous-time problem is the sequential testing of the drift of an arithmetic Brownian motion
[11, 19, 20]. As in that problem, we begin with a stochastic basis (2, 7, F, P) supporting a Brownian motion
W and a binary random variable # € {0, 1} independent of W. There is an observer who wants to make a
determination about #, but only sees the signal process

Xt = abt + O'Wt,

where a € R\ {0}, o > 0.

To impose a Bayesian formulation, a prior probability P(§ = 1) = 7« for 7 € (0,1) is enforced. The
observer may take stock of the information in X, until some self-determined FX-stopping time! 7. As X is
observed, the belief about 6 is updated. We denote by II the posterior probability process II; := P(0 = 1|F;X).
Standard arguments from filtering theory lead to the Markovian dynamics

dil, = S10,(1 — IL,)dW,, I =,
g

for the posterior probability process where W; := ¢~} (Xt -« fot Hsds) is an FX-Brownian motion known

as the innovation process (c.f. [16, (21.0.9)-(21.0.10)] where the same process is introduced).

In the classic problem, the goal of the observer is to test sequentially the hypotheses Hy : § = 0 and
H, : § = 1 given the information gleaned from the signal process. When determining the state of nature
6 the observer’s response has two features; the time their decision is made 7, and their decision d € {0,1}
itself. The observer then faces the Bayes risk:

Er [e7 + a1l {a—0,0-1} + a2l {a=1,0-0}] » (1)
and searches for a minimizing pair (7*,d*). Here a1, aq,c > 0 are constants with ¢ representing the cost of
observation, and a; (resp. as) representing the cost of making a type 1 (resp. type 2) error.

This is a hard classification problem since a definite decision about the state of nature must be made at
7 even if the observer is not certain. In this work, we relax this requirement to allow for a soft-classification
approach. The modified Bayes risk we consider is,

Ex [er +2(0,11,)], (2)
where .Z : {0,1} x [0,1] — Ry is a loss function satisfying 2 (v, m) = 0 if and only if v = 7. By iterated
conditioning, we can remove the unknown variable 6 in the loss and write

Ex [Z(0,11,)] = Ex [Ex [£(0,11:)Lo—o +-Z(1, L) Lot | F]] = Ex[g(IL)], (3)

where

g(m) =nZ(1,7)+ (1 —m)Z(0,n).

Date: September 1, 2024.
IWe define FX = (FX)¢>0 to be the filtration generated by the process X.
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It is easy to see that g(0) = g(1) = 0, i.e. certainty about the state of nature incurs no penalty.
This representation allows us to use a Markovian approach for the optimal stopping problem

V* (W) = 7}161; [Eﬂ' [CT + g(H'r)} ) (4)

where 7T is the set of (finite a.s.) F-stopping times, in order to obtain a solution for the Bayes’ risk. A
similar argument in the classic problem allows one to get the same representation, but with the special
penalty function:
g(m) = a1m A ag(1 —m). (5)

Unlike the soft classification functions that we will study here, this function has a kink which arises at the
point ™ = al‘f@. We will see in the analysis to follow that this leads to non-trivial differences in the solution
structure (see Section 5 for an illustration).

We will require that the penalty function g(-) induced by the soft-classification loss satisfies some simple
properties. The following assumption, which depends on the operator A,

(Af)(m) = 5L =P f"(x), e C?0,1), (6)

is enforced throughout this paper.?

Assumption 1.1.
(G1) g € C?(0,1) is concave and satisfies g(0) = g(1) = 0;
(G2) There exists a mg € (0,1) such that Ag is strictly decreasing on (0,7y) and strictly increasing on
(71'0, 1) .
Condition (G2) is a technical condition that ensures the stopping time solution to (4) is well behaved.
Both of these conditions are satisfied for the penalty induced by a host of well-known losses. Two examples
are highlighted here.

Ezample 1.2 (Cross-entropy loss). Suppose the loss is given by .Z(0, 1) = —a10log(m) — az(1 —0)log(1 — )
for a;,as > 0. This is a potentially asymmetric version of the popular cross-entropy loss. The induced
penalty function is given on (0,1) by g(7) = —ay7log(m) — az(1 —m)log(1l — 7), and we naturally extend the
definition of g to the points m = 0 and m = 1 by taking limits.

Ezample 1.3 (L1 and Lo losses). The induced penalty function for the L loss Z(0,7) = |0 — | is g(7) =
27(1 — ). For the Ly loss Z(6,7) = (6 — 7)°, we recover a constant multiple of the L; penalty; g(7) =
m(l —m).

Soft-classification losses have experienced an increase in popularity due to their utility in machine learning.
When incorporated into the sequential testing framework, we will find that this class of problems has a nice
solution structure. The optimal stopping time 7 will be characterized as the first hitting time to two constant
boundaries which depend on the information ratio a/o and form part of the solution to a free boundary
problem. The existence and uniqueness of the solution has a geometric interpretation related to Bisztriczky’s
Theorem [1] which (in the special case of 2 dimensions) says that any two strictly separated convex bodies
are supported by exactly two tangents. This result was first proved® by [3] and later in novel ways by [4, 15],
amongst others.

The remainder of this note is organized as follows. Section 1.1 provides a brief overview of the related
literature. Section 2 studies a free-boundary problem associated with the soft classification formulation and
demonstrates that the solution is as tractable as its counterpart in the classic problem. Section 3 then verifies
that the value function can be characterized as the unique solution to this free boundary problem and that
the optimal stopping boundaries satisfy a pair of transcendental equations. Through this representation,
we are able to observe that the value function can be written in terms of the convex envelope of a related
function. In Section 4 we study the behavior of the optimal stopping boundaries as the information ratio is
varied. Finally, in Section 5 we illustrate the solution using several sample loss functions, and compare the
results with those obtained in the hard-classification problem. Section 6 concludes and suggests directions
for future work.

2Note the relationship between A and the infinitesimal generator of II whose action on f € C2(0,1) is given by (Lf)(n) :=
2
22 m2(1 = m)2 £ ().
3Acv:ording to [15], Bisztriczky declared that his initial proof was incomplete.
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1.1. Related Literature. This problem belongs to the field of sequential analysis which covers a broad
class of statistical problems where data is collected and analyzed sequentially over time, rather than all at
once. The birth of the theory can be credited to Wald’s seminal 1945 paper [21] which formally introduced
sequential hypothesis testing and the Sequential Probability Ratio Test (SPRT). However, in this treatise
Wald himself attributes the first conceptualization of a sequential test to a work of Dodge and Romig [6]
which dates back even earlier to 1929. The decades that followed Wald’s early work were marked by many
important developments for the theory. For instance, Wald and Wolfowitz [23, 22] proved the optimality of
the SPRT and studied Bayes solutions of sequential testing problems, Kiefer and Weiss [14] studied properties
of generalized SPRTs alongside a related sample size minimization problem, and Chernoff [5] addressed a
procedure for the sequential design of experiments. The theory of sequential decision making for stochastic
processes in continuous time relevant to this work was introduced in [7].

The classic investigation into the drift of a signal process has received sustained interest since initial works
like [19]. It is studied in the finite horizon setting in [11] and extended to a signal process whose drift has
a state dependence in [12]. The paper [10] treats finite and infinite horizon problems with general (i.e. not
necessarily binary) drifts and prior distributions for the unknown state 8. The case of the Lo penalty in (2),
also for general 6, is studied in [9] by cleverly exploiting the quadratic structure. A version of this Ly problem
that incorporates both control and stopping can be found in [8]. The recent work [24] has also studied a
related sequential decision making problem with two information regimes. It is worth noting that problems
with linear costs of observations like (4) are also considered in [13] using probabilistic techniques. Here, we
hope to obtain explicit characterizations of the value function and stopping boundaries that mimic those
obtained for the classic problem (c.f. [16, Theorem 21.1]) and this leads us to pursue a different approach.

2. THE FREE BOUNDARY PROBLEM

As in the classic problem, we will begin by guessing the form of the solution and then verifying that it is
correct. From the form of the value function, we suspect that there should be an A, B € (0,1) such that

Tap :=inf{t >0:1I, ¢ (A, B)}

is an optimal stopping time for our problem. Standard arguments based on the strong Markov property then
lead to the following free-boundary problem for an unknown function V' and unknown points A, B € (0,1):

AV (1) = —co?/a® 7€ (A, B) (7)
V(A) = g(4) ®)
V(B) = 4(B) )
V'(4) = ¢'(4) (10)
V'(B) = ¢'(B) (11)
V<yg m € (A, B) (12)
V=yg € [0, AU [B,1] (13)
A<B. (14)

This can be compared with the related formulation in the hard classification setting in [16, Chapter VI,
Section 21.1]. In the remainder of this section we will characterize the existence and uniqueness of the
solution to the above free-boundary problem. We state here our main theorem which summarizes up front
the analysis to follow.

Theorem 2.1. Let K := o?/co? > 0. Under Assumption 1.1 the free boundary problem given by (7)-(13)
admits
(i) the trivial solution V = g with any A= B € (0,1), and;
(ii) a unique non-trivial C*((0,1) \ {A, B}) N CY(0,1) solution V with boundaries A < B if and only if
Ag(mo) < =K~ for my € (0,1) from (G2).

The claim (i) is immediate. On the other hand, the proof of (ii) will proceed in stages. First, it can be
easily verified that for any A € (0,1) the unique solution to (7), (8), and (10) is given by the function

V(m; A) = 2K () + H'(A)m + H(A) — AH'(A) (15)
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where
U(r) = (1 - 27) log (fﬂ) , (16)
and
H(r):=g(m) — 2K ~10(7). 7)
1

(1
Next, to obtain sufficiency in (ii), suppose Ag(mp) > —K~!. Then by Assumption 1.1(G2) Ag(n) > —K~
for all 7 € (0,1). For any fixed A € (0,1) and all 7 € (0,1), we obtain Ag(w) > —K~! = AV (m; A). Now
since 72(1 — )2 > 0 for 7 € (0,1), g"(7) > V" (7; A). As a result, for 7 > A

V' (u; A)du = g(A) +/A

T T

V(m A) =V (A; A) —i—/

V’(A;A)+/ V" (v; A)dvdu
A

A
s u
<o)+ [ )+ [ 0)dodu=g(),
A A
Under (G2) there must be a set of positive measure on which V" < ¢”; so the inequality above is strict and
there is no possible second intersection point B where (9) can hold.

We proceed to establishing necessity in (ii) which requires a careful analysis. Equations (9) and (11) in
terms of the form of V(-; A) read:

2K 'WU(B) + H'(A)B + H(A) — AH'(A) = g(B), (18)

2K '0'(B) + H'(A) = ¢'(B) (19)
We see that (19) exactly asks that H'(A) = H'(B). We will begin by investigating the form of the function
H'(7) to verify if two such points exist.

First, we will introduce two points that will be critical to understanding the behavior of H’. Note that
by (G2), m — Ag(m) is a univariate, unimodal function. This exactly says that it is quasi-convex and so the
set

U:={re(0,1): Ag(n) < —K~1} (20)
is convex. By continuity it is also open. Let m,,7* € (0,1) be the boundary points of U such that m, < 7*.
These points must always be in (0,1). In particular, we claim that lim, o Ag = lim41 Ag = 0 so that
eventually we must have Ag > —K 1.

To see this observe by the concavity of g that Ag < 0. With this we will argue by contraction. We will
treat the limit 7 1 1 as the other is similar. Suppose that lim;4+1 Ag(m) < —e for some € > 0 (the limit exists
by monotonicity). By Assumption 1.1 (G2) we must have Ag < —e¢ all 7 € (7, 1). Then,

2¢
m2(1 — )2
Using mg as reference point, we see that for m > w9 we have:

g(m) = g(mo) +/ g'(mo) + /7: g" (v)dvdu < g(mo) +L g'(mo) + 26/

o o

>g"(m), Vm e (m,1).

us s u

mdvdu

0

= g(mo) + ¢'(mo) (m — mo) + 2 (1 — 27) elog (171-7) + €Oy + €Cy

where C7 and Cjy are constants depending only on my. Taking m 1 1 across the above we obtain the
contradiction 0 = g(1) < —oo.

The following Lemma tells us that 7, and 7* are critical points for H' and allow us to characterize the
function behavior.

Lemma 2.2. H'(rw) is strictly increasing on (0,7,), strictly decreasing on (., 7) and strictly increasing
on (7*,00). Moreover,

lim H'(7r) = —oo, and lim H'(7) = oo.
710 Tl
Proof. On (., ") we have that Ag < —K ! = 2K ' A¥ which implies that ¢" < 2K ~1¥”. Then

H//(ﬂ_) — g/l(ﬂ_) _ 2K71\IIN < 0
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and so H'(r) is strictly decreasing on this interval. On the other hand, on (7., 7*)¢ we have Ag > ~K~! =
2K ' AV which implies that ¢” > 2K 10", So,

HN(T(') — g//(ﬂ_) _ 2K71\I/// 2 O
and H'(m) is increasing. Assumption (G2) allows us to argue that the increase is strict. Lastly, we show
H'(04) = —co and H'(1-) = co. We have
/

! ! — 11,/ _ — 11,/ g (ﬂ-)
It is easy to see that lim, o 2K ~'W'(7) = oo and lim4; 2K 10/ (7) = —occ. Thus, to get our desired result,
it suffices to show that

0< 1iminfﬂ < limsup& <1-94§
T w0 2KW/(m) T qp0 2KYW/(m) T

for some 6 > 0. We treat the case of small m, as 7 near 1 is similar. Recall that g is concave with
g(0) = g(1) =0, so ¢’ is decreasing and ¢'(7) > 0 for sufficiently small 7. At the same time, ¥'(7) > 0 for
any ™ < 1/2. Hence the inequality 0 < #&2(#) holds for all sufficiently small 7. Suppose lim, o ¢'(7) < 00
(the limit exists by monotonicity). Then, the remaining bound is clear since the denominator diverges to
00. Otherwise lim o ¢'(7) = co and we must carefully analyze the limit. By the general form of L'Hépital’s

rule:
. g"(m) . g'(m) N g'(m)
limsup —2—~~2 > limsup —=2~-~2 > liminf — 22 > (
m;lfoup 2K-10" () — m;f(}lp 2K~/ () — l’filon 2K~1W/()

where the last inequality follows from the lower bound above. Observe that for any 0 < 7 < 1
g" () 372 (1—7)%g"(m) Ag Ag

2K-10"(r)  Ix2(1—m)22K-10/(x) 2K 1AV K1
Now the limit lim, o Ag exists and is equal to 0 by the discussion following (20). At the same time on (0, 7,),
Ag > —K~!. In particular, for all sufficiently small 7 there is an € > 0 such that —Ag < K~ —e. Plugging
this bound into the above we obtain:

g”(7r) < K—l —€
2K—10" () — K-t
for all sufficiently small 7. For § = 5r we obtain the desired result and conclude H'(0+) = —oo0. O

We also note for future reference that Lemma 2.2 immediately tells us about the regions of convex-
ity /concavity of H. This observation will be critical to a subsequent part of the proof.

Corollary 2.3. H is strictly conver on (0,7,), strictly concave on (m.,7*), and strictly convex on (7w*,1).

The behavior of H'(7) given in Lemma 2.2 tells us that there exists a family of pairs (A4, B) such that
H'(A) = H'(B). Indeed, H'(r.) is the local max of H', and H'(n*) is the local min. By the behavior of H’
there must exist a 0 < © < 7, and 1 > 7T > 7* such that H'(z) = H'(7*) and H'(%) = H'(m.). Moreover,
every m € (m, ) has a unique counterpart 7 € (7*,7) such that H'(w) = H'(#). In fact, given the strict
decrease on (m,,7*), a horizontal line through any such points (i.e. H'(7) and H'(#)) touches the graph of
H' a third time. On the other hand, it is clear that there does not exist any pair (m, 7) of points where the
values of H' coincide if # < w or # > 7.

We further claim that feasible points (A, B) for our problem solving (19) must be such that A, B & (m., 7*)
for (12) to also hold. If it held that A € (m.,n*) then V'(m; A) — ¢'(7) = H'(A) — H'(w) is increasing on
(A, 7). Consequently, V(m; A) — g(m) = [} H'(A) — H'(u)du > 0 for m near A. A similar argument holds
if B € (m,, 7). So we restrict our attention to A € [z, 7] and B € [7*,7].

Remark 2.4 (Symmetric Penalty Case). If g is symmetric about 1/2 then we want a symmetric solution
to (7)-(13) and the complexity is substantially reduced. To see this, we use symmetry to search for a
solution where B =1 — A. First, by symmetry, we must have H'(1/2) = 0 and so by Lemma 2.2 we obtain
H'(m,.) > 0 is a positive local maximum, H'(7*) < 0 is a negative local minimum and H'(7) crosses the
x-axis at mp = 1/2 € [m,,7*]. Since H'(0+) = —oo, by the intermediate value theorem and monotonicity
there must exist a unique point 7 € (0,7, ) such that H'(#) = 0. By the symmetry of H we must also have
H'(1 —7) = 0 and moreover, 1 — 7 is the unique point in (7*,1) with H'(1 — %) = 0. Hence, by the critical
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behavior outlined above, we have that (7,1 — #) are the only pairs of the form (r,1 — ) with = # 1/2
satisfying H'(m) = H'(1 — m) as required by (19). This suggests that we can take A = ## and B = 1 — #.
Indeed, using H'(7) = H'(1 — #) = 0 with the symmetry of H, it is easy to see that (18) is also satisfied.
Thus, this choice of A and B satisfies both consistency equations. As will be shown below in the general

case, it is then straightforward to show that the remaining equations for the free boundary problem hold for
V(m; A).

As we have a family of feasible solutions to (19), we now turn to the remaining equation (18). To determine
that there is a unique feasible solution to (18)-(19) we need to ensure that (18) is uniquely satisfied by some
A € [r, 7] and B € [r*, 7] solving (19).

We can observe that (18) can be rewritten as H(B) — H(A) = H'(A)(B — A). Interestingly, in view of
our feasible set for A and B, this says that we need points A € [z, 7.] and B € [7*,7] so that the secant
connecting H(A) to H(B) has the same slope as the tangent line at A. Then, (19) says that this slope must
also be the slope of the tangent line at B. As a consequence, this implies that the tangent lines for H at
A and B must coincide with the secant and be common. On the other hand, if two points A € [z, 7.] and
B € [7*,7] have a common tangent line with respect to H, then this line is automatically a secant line for
H and the points A and B are admissible solutions to (18) and (19). Thus, a pair of points A and B form
an admissible solution for the free boundary problem if and only if they lie in [x, 7] and [7*, 7], and admit
a common tangent line for H.

We will leverage this geometric characterization to establish the existence and uniqueness of an admissible
solution to (18) and (19). Recalling Corollary 2.3 we have that H is strictly convex on [z, 7.] and [7*, 7]
(we may include those endpoints where H”(7w) = 0). Hence, we endeavor to establish the existence and
uniqueness of a common tangent line to two strictly convex functions defined on a disjoint and strictly
separated domain. For clarity, define here the functions

fo:= H‘TK'E[EJT*]’ and f1 := H‘Tre[ﬂ*f]

formed by restricting H to these sub-domains.
As an initial step, we obtain the following lemma using a fundamental geometric result for convex sets
known as Bisztriczky’s Theorem.

F1GURE 1. Illustration of the arguments of Lemma 2.5 using an example of H which defines
fo, f1. Visualized below the graph of H is the unique common tangent.

Lemma 2.5. Let X := [zg,21],Y := [yo, y1] C R be strictly separated closed intervals (i.e. dist(X,Y) > 0).
If fx : X >R and fy : Y — R are convex and continuous on their domains, then fx and fy have ezxactly
one common tangent line?.

4Here we still require that a tangent line for the left or right endpoints of the graph of fx or fy supports the function in
question. Evidently, tangent lines at the endpoints are not unique even if the functions are differentiable on the interior of their
domains. Consider e.g. X = [0,1], fx = 0 and the tangent line at z = 0, T'(x) = —kz for any « > 0.
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Proof. Define f* := max{fx(zo), fx(z1), fv (%0), fy (1)} + 1 (Note: fx and fy are bounded by continuity
on the compact sets X and Y'). Consider the convex sets: Zx := conv{Gr(fx), {(zo, f*)}, {(x1, /*)}}, and
Fy = conv {Gr(fy), {(yo, f*)}, {(y1, [*)}}, where Gr(f.) denotes the graph of f. and conv{-} denotes the
convex hull. These sets correspond to the intersection of the epigraph of fx (resp. fy) with the half-infinite
strip in X (resp. Y) ending at the horizontal line y = f* (see Figure 1 for an illustration).

It is clear that .Zx and %y are convex and compact sets with nonempty interior that are strictly separated
(if e.g. fx is constant, the set Fx is just a rectangle with a vertical height of 1). Then, the 2-dimensional
case of Bisztriczky’s Theorem (c.f. [15] or [4, Corollary 3.12]) says that there are exactly two common tangent
lines to Fx and %y with both sets on the same side of the tangent line. It is clear from construction that
one such tangent is the line y = f*. We claim the other line must touch the graph of fx and fy. This is
clear since the vertical lines passing through (xo, f*), (z1, f*), (o, f*), and (y1, f*) are tangent to the left
and rightmost faces of .Zx or %y and touch (by construction) only one of the sets. It is also easy to see that
the remaining family of tangent lines touching one of the vertices (zo, f*), (z1, f*), (o, f*), and (y1, f*)
also cannot (again by construction since the upper faces are level) both be common and keep the sets on the
same side. Hence, the only feasible points that the remaining tangent can touch belong to the graphs of fx
and fy. This completes the proof. O

Using Lemma 2.5 we can conclude that there exists a unique common tangent to fy and f;. However, we
further require that the slope of this tangent line coincides with the derivatives of fy and f; at the points
where it touches their graphs. To complete our verification of an admissible solution to (18) and (19), it
suffices to show that the unique tangent of fy and f; does not touch the endpoints of their graphs. This is
straightforward to check, so we omit the details.

The last task required to complete the proof of Theorem 2.1 is to verify that V (m; A*) < g(7) on (A*, B¥)
where A* and B* are the unique admissible solutions to (18) and (19). We have that
Vim AT — g(m) = [ V'(u: A%) — ¢/ (u)du = / QK10 (u) + H'(A*) — g (w)du — / H'(A%) — H (u)du.

A A

Now F(w) := H'(A*) — H'(w) is such that F(A*) = F(B*) = 0, and F(n) is decreasing on (A*,m,),
increasing on (7., 7*), and decreasing on (7*, B*). Consequently, F(7) < 0 near A*, F(r) > 0 near B* and
there exists a unique 7 € (A*, B*) such that F(7) = 0. On (A%, 7], V(m; A*) — g(7) = [}. F(u)du < 0. On
the other hand, on [7, B*) we also have V(m; A*) — g(7) = — ff F(u)du < 0 which completes the proof
since for this choice of A* and B*

_ V(A we(ar, B
v {Q(W) 7 € [0, 47U (B 1]

*

uniquely solves the free boundary problem in the class of C?((0,1) \ {4*, B*}) N C(0,1) functions.

3. VERIFICATION AND CHARACTERIZATION OF THE VALUE FUNCTION

We will now verify that the solution to the free boundary problem coincides with the value function of
the sequential testing problem. The structure of the solution will also reveal that the value function admits
the decomposition V, = 2K~1WU + H, where H, is the convex envelope of H.

Theorem 3.1 (Verification).

(i) If Ag(mg) > —K~1, then V, = g.
(ii) Otherwise, the optimal solution is given by

) V(m AY), me (A*,BY)
Valm) = { g(m), € [0, AU [B*1]

where V(m; A*) is given by (15), and A* and B* are the unique solutions to the equations (18)-(19)
subject to the constraint A*, B* € (m.,7*)¢ for m.,7* the unique boundary points of the set U in
(20).

Proof. Up to showing the martingale property of a stochastic integral, the verification arguments are stan-
dard. To this end, Remark 2.3 of [2] gives the necessary estimate |7(1 — 7)g’(7)| < M for some M > 0. With
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this, (i) is proved analogously to [13, Proposition 3.1]. The arguments for (ii) proceed as in [16, Theorem
21.1]. O

By standard optimal stopping theory, we easily obtain the form of the smallest optimal stopping time.

Corollary 3.2. The smallest optimal stopping time 7. of (4) is given by:
(i) 7. = 0 if Ag(mo) > K1,
(i1) T = Ta» g+ = 1inf{t > 0:II, & (A*, B*)}, otherwise.

‘We now turn to check the representation of V, in terms of the convex envelope of H. This structure can be
intuited from the construction of the solution to the free boundary problem in Section 2 where V, — 2K ~1¥
is equal to H away from (A*, B*) and is an affine function on (A*, B*). A formal probabilistic justification
is given in the proof of the following theorem.

Theorem 3.3. V, — 2K 'V defines the conver envelope of H on (0,1) and satisfies:
Vi(m) = 2K 10(7) = infT E, [H(IL,)].
TE
Proof. First observe as above that by our construction in Section 2, Vi, — 2K W is a convex function that

minorizes H. We will say that a stopping time 7 is regular if it is bounded by the first exist time of II from
some compact interval. With this definition we are able to obtain the chain of inequalities:

Vi(m) — 2K 1 (7) = inf Er [er + g(IL,) — 2K~ '0(m)]

inf Ex [er+ H(IL) + 2K " U(IT) — 2K " U(7)]

TET: T is regular

inf E. [/ c+ 2K LU(M0y)dt 4+ H(TL,)
0

TET: 7 is regular

inf E, [H(IL,)]

TET: 7 is regular

7}161; E, [H(IL,)]

AV

\

inf Er [Vi(IT,) = 2K 10 (IL,)]
> Vi (m) — 2K~ 10(r).

In the second equality we have used [13, Proposition 2.1] to obtain that it is sufficient to take the infimum
defining V, over regular stopping times. The third equality then follows by Dynkin’s formula, and the fourth
by the identity 2K LW = —c. The last inequality follows from convexity, Jensen’s inequality, and the
optional sampling theorem since II is a bounded martingale. We obtain that:

Vi(m) = 2K710(m) = inf Ex [H(IL)].

Now, suppose F' is any other convex function lying below H. We obtain again:

inf £, (H(IL)] > inf B, [F(IL,)] > F(x),

which gives Vi (7) — 2K 1W(r) > F(r) and so Vi — 2K~V is the largest convex minorant of H. The claim
follows. O

This characterization is reminiscent of the result for problems without a linear time penalty in classic
optimal stopping theory where the value function is the largest subharmonic minorant of the cost function.

4. ASYMPTOTIC BEHAVIOR IN THE INFORMATION RATIO

If ¢ = 1 then K = («/0)? is the squared information /signal-noise ratio. This is the main parameter of the
sequential testing problem and it has an intuitive interpretation. In this section we are interested in studying
the asymptotic behavior of the solution in K and more generally, how the problem behaves as K is varied.
To facilitate this analysis, in the sequel all the constants in Section 2 and 3 will have their dependence on
K emphasized (i.e. we will write A* = A*(K), etc.).

Define 8 := max,¢jo,1)|Ag| (which is well defined and equal to |Ag(m)| by Assumption 1.1) so that
Ag > —f. Tt is clear from Theorem 3.1 that the boundaries are only well defined if K > 37! and so we will
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restrict our attention to this setting. The first result of this section establishes the differentiability of the
boundaries in K and an expression for the derivatives.

Proposition 4.1. A*(K) and B*(K) are continuously differentiable on (871, 00) with:
iA*(K) _ 2 V(BY(K)) = V(A (K)) = V' (A" (K)) (B*(K) — A*(K))
dK K2 [g"(A*(K)) = 2K 10" (A(K))] (B*(K) — A*(K))
d 2 V(B (K)) -V (A" (K)) - ¥ (B*(K)) (B"(K) — A*(K))
TS :

&) = T (R) - ek B (K))] (B (K) - A (K))

Proof. We have that A*(K) and B*(K) are the unique solutions on (7, (K),7*(K))¢ of equations (18)-(19).
Write H = H(m; K) to emphasize the dependence on K. Then, these equations read:

0.HA;K)—0,H(B;K)=0, H(B;K)—H(A;K)—0;H(A;K)(B—A)=0. (21)
We will endeavor to apply the implicit function theorem. Treating the left hand side of the equalities above
as functions of (K, A, B) we obtain that the determinant of the Jacobian matrix for the partial derivatives
with respect to A and B is:

OnnH(A; K) [0-H(B; K) — 0:H (A; K)| — [=0x H(B; K)] [= 07 H(A; K)(B — A)].
By the satisfaction of equations (21) at the tuple (K, A, B) this reduces to:
—OnnH(B; K)Orn H(A; K)(B — A).

Now by Lemma 2.2 we have that both 0rrH(A;K) # 0 and 0.-H(B;K) # 0 when the equations are
satisfied. Moreover, we must have B > A and so the determinant is non-zero. It follows from the implicit
function theorem that there exist continuously differentiable solutions A*(K) and B*(K) to the equations
in a neighborhood of an admissible K such that (after simplification):

d :3KH(B*(K);K)—3KH(A*(K) B) — Ok 0x H(A*() K)(B*(K) — A*(K))

A*(K) 5
d oo OH(B(K)K) — 0k H(A*(K); B) — 00, H(B* (K); K) (B (K) — A*(K)
— B*(K) = .
Evaluating these expressions then gives the equations in the statement of the Proposition. O

This gives us an understanding of how the boundaries change locally. On the other hand, is also possible
to characterize the limiting behavior of the boundaries.

Proposition 4.2.
(i) A*(K) is decreasing and B*(K) is increasing.
(ii) If K 1 0o then A*(K) | 0 and B*(K) 1 1.
(iii) If K | 371 then A*(K) 1 7o and B*(K) | 7.

Proof. (i) follows from the fact that the derivative of A*(K) (resp. B*(K)) must be positive (resp. negative).
This can be seen since both denominators in the expressions must be (strictly) positive when evaluated at
the boundaries (see Lemma 2.2) and the numerator is negative for A*(K) (resp. positive for B*(K)) by the
concavity of .

For (ii) first observe that 7. (K) | 0 (resp. #*(K) 1 1) as K — oo. This can be seen from the definition of
7« (K) and 7*(K) as the boundary points of (20), the strict monotonicity of Ag away from 7 (see Assumption
1.1), and the discussion following (20) where it is obtained that lim, o .Ag(m) = lim41 Ag(m) = 0. Since
0 < A*(K) <m(K) and 1 > B*(K) > n*(K) the claim follows.

To obtain (iii) we reason using the points w(K) and 7(K) defined after Corollary 2.3 by

H'(x(K);K) = H'(r*(K); K) and H'(7(K); K) = H (r.(K); K) (22)

(here the dependence of H on K is again emphasized). Since my > A*(K) > n(K) and 7y < B*(K) < 7(K),
it suffices to show that m(K) — 7o and 7(K) — 7o as K | 87!, As in (ii) it is not hard to see that
7 (K) 1t mp and 7*(K) | mp as K | 371, Let (K,)n>0 be a sequence such that K,, | 7!, For K,, > 71,
7(K,) < mo < 7(K,) form the unique solution to (22). Since they are bounded, the Bolzano-Weierstrass
theorem allows us to extract a convergent subsequence: w(K, ) — a T(K,) — basn’ — oo where a € [0, 7]
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and b € [m, 1]. Taking limits along the subsequence across (22) and applying the (joint) continuity of H' in
(m, K) we obtain:

H'(a;7Y) = H'(mo; 87Y) and H'(b;7') = H'(m0; 871).
It is easy to check as in Lemma 2.2 that H’(-;37!) is strictly increasing on (0,1). Hence, we must have

a = b = m and since the sequence was arbitrary we conclude as required that =(K) — mg and 7(K) — 7o
as K | L. O

Our understanding of the asymptotic behavior as K — oo can be refined. In particular, it is possible to
obtain a general bound on the rate at which A*(K) tends to 0.

Proposition 4.3. For any ¢ > 0 there exists a sufficiently large Ko = Ko(e) > B~ and a constant
C = C(Ky,€) > 0 such that:

1 CK'—
AKY< ————, B"(K)> ————
( )_1+CK1_67 ( )—1+CK1_67
Proof. We will treat A*(K) as the estimate for B*(K) is obtained similarly. Manipulating the expression
for the derivative we obtain:
1 [W(B(K)) - ¥ (A(K)) - W' (A"(K)) (B*(K) — A*(K))] A*(K)*(1 - A*(K))*
K? [Ag(A*(K)) + K~1] (B*(K) — A*(K))
By concavity of ¥ the numerator is negative and for 0 < 7 < 7, (K),

K'> Ag(m)+ K~ > 0.

VK > K,.

With this we obtain that:
1 [¥(BH(K)) - ¥ (A" (K)) = V' (A*(K)) (B*(K) — A*(K))] A*(K)*(1 — A*(K))?

K (B*(K) — A*(K))
is an upper bound on the derivative. Now ¥ < 0 for all m # 1/2 so we further obtain the upper bound
d 1 v (A (K)) / 2 2
—A*(K = |- — U (A*(K))| A*(K)*(1 — A*(K))".
AT < o |~ s = ¥ (A 47 (R P (1 - A°()

Note that for any € > 0 there is a sufficiently large K’ > 0 such that B*(K)— A*(K) > 1—¢ for all K > K.
Hence, for sufficiently large K:

d 1 [ 0 (A*(K))
ax B <% [‘1 —

Now as 7 | 0, —w(1 — m)¥ () | 0 so again, for all e > 0 there is a K" > K’ such that if K > K"
_ATE) (1 = AT(K)) Y (A%(K)) _
€
1-¢
On the other hand, for all sufficiently small 7 we have that —7(1 — 7)®¥’(7) < —1. We conclude that for any
€ > 0 and sufficiently large K:

W) | A (R0 - A7)

d . 1—e¢
ﬁA (K) < - I

The claim in the proposition then follows by a comparison principle for ordinary differential equations. [

A*(K)(1— A*(K)).

It is not difficult to see that when ¢ is symmetric so B*(K) = 1 — A*(K), this symmetry (and the
symmetry of W) can be exploited in the proof to take e = 0 in the growth estimates of the boundaries.

Remark 4.4. Alternative bounds on the boundaries for a particular g can be recovered by considering the
behavior of the points 7, (K) and 7*(K). This is since A*(K) < m,(K) and B*(K) > 7*(K). In the case
when g corresponds to the symmetric cross entropy loss (see Example 1.2 with a3 = as = 1) we get the
explicit equations:

8

e (K) = 1-

NN
N =
=
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It is easy to see that asymptotically these bounds behave comparably to the ones in Proposition 4.3 (once
symmetry is used to take e = 0). On the other hand when g corresponds to the Ly loss (see Example 1.3)

we get:
1 1 8 1 1 8
*K:*—* 1— -, *K = - — 1_ -,
m(K) =353 Vi T =543 K

and the asympotic bounds in Proposition 4.3 are superior.

5. SOLUTION ILLUSTRATION AND COMPARISON WITH THE CLASSIC PROBLEM

In this section we illustrate the solution to the soft classification sequential testing game for the penalty
functions induced by the (symmetric) cross entropy and L; losses (see Examples 1.2 and 1.3, and take
ay = ag = 1 for the cross-entropy loss). We also compare the solutions to those arrived at in the (symmetric)
classic setting for the same parameters. The classic penalty function is given in (5) and we similarly take
a1 = as = 1 there.

0.8

0.4 0.6

0.4

0 0.2 0.4 0.6 0.8 1 0 5 10 15 20
x K
[ Classic Loss| [ L1 Loss

Cross Entropy Loss LilLoss Cross Entropy Loss Classic Loss|

FIGURE 2. Penalties g induced by loss functions (left) and the associated optimal stopping
boundaries as functions of K (right).

Figure 2 (left) illustrates the three penalty functions induced by each of the losses, and Figure 2 (right)
illustrates the corresponding optimal stopping boundaries A* and B* as a function of K. The upper curves
correspond to B* and the lower curves correspond to A*. The solutions corresponding to each of these losses
exhibit qualitatively different behavior. We can observe in Figure 2 (right) that in accordance with Theorem
3.1 the boundaries corresponding to the cross-entropy and L; losses are well defined only for K > 8. On the
other hand, the classic problem always has a non-empty continuation region and well defined boundaries for
any K > 0.

We can also observe that the boundaries for the L; loss appear to be contained in the boundaries for
the cross-entropy loss. On the other hand, the ordering on the classic boundaries and the soft-classification
boundaries switches as K changes. For small K the soft-classification boundaries (both cross-entropy and
L) are contained in the classic boundaries, while this is no longer true for large K. Interestingly, if we
fix the running cost ¢ this says that for large information ratios it is worth observing the signal process for
longer than in the classic problem, while for small information ratios it is often best to make a stopping
decision more quickly.

6. CONCLUSION

In this note we have formulated and solved a soft classification version of the famous Bayesian sequential
testing problem for a Brownian motion’s drift. Our analysis allows us to obtain a semi-explicit solution that
mirrors the one arising in the classic setting. By leveraging this solution structure we are also able to obtain
a deep understanding of the problem behavior in the information ratio a/o. This behavior is then clearly
illustrated numerically for several examples of interest. The introduction of these soft classification problems
leads to several natural research directions.
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(i) Since this problem exhibits interesting and non-trivial behavior in the information ratio, it is poten-
tially worthwhile to investigate how this ratio influences the solutions to other related problems. For
instance, the quickest detection problem (c.f. [18, 17]) also depends crucially on this parameter.

(ii) When Assumption 1.1 (G2) is eliminated it is no longer necessary that the continuation region is
connected. However, a result akin to Theorem 3.3 should still hold and genuine insights may be
generated by studying the types of continuation regions that can arise.

(iii) This work has left the finite horizon case T' < oo open. In view of our results, it is to be expected
that the soft classification version of the finite horizon problem also remains as tractable as in the
classic formulation.

(iv) Since we have observed that the solution is strongly influenced by the information ratio, it is in-
teresting to embed this sequential testing problem into a game setting where players interact and
influence the ratio through their actions in pursuit of determining the state 6.

Directions (iii) and (iv) are the subject of the companion work [2].
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