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Abstract

The sequential stochastic assignment problem (SSAP) allocates distinct workers with
deterministic values to sequentially arriving tasks with stochastic parameters to maximize
the expected total reward. In this paper we study an extension of the SSAP, in which the
worker values are considered to be random variables, taking on new values upon each
task arrival. Several SSAP models with different assumptions on the distribution of the
worker values and closed-form expressions for optimal assignment policies are presented.
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1. Introduction

Consider the sequential stochastic assignment problem (SSAP) introduced in [6], where n
workers are available to perform »n independent and identically distributed (i.i.d.) sequentially
arriving tasks so as to maximize the expected total reward. A random variable X ; denotes the
value of the jth task that arrives during time period j, with a fixed value (or success rate) p;
associated with worker i. If the ith worker is assigned to the jth task with observed value x,
the worker becomes unavailable for future assignments, and the expected reward due to this
assignment is given by p;x;. The objective is to assign these n workers to n tasks so as to
maximize the expected total reward. It was shown in [6] that there exists numbers

—X=ay, <ajp, <dyy < =<dapy, =-+00

such that the optimal choice in the initial stage is to assign the ith best available worker (i.e. that
with the ith highest success rate) if the random variable X falls within the ith highest interval.
Similarly, n — j 4 1 intervals are defined for the jth stage and the optimal choice in the jth
stage is to assign the ith best available worker if the random variable X ; falls within the ith
highest interval. The optimal expected total reward obtained from assigning all the n tasks to
workers is Zf’z | Piain+1, and, hence, a; ,41 is the expected value of the quantity assigned to
the ith best worker. Moreover, the a; , are independent of the worker values and depend on
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the task values’ distribution function. Specifically, these breakpoints are computed recursively
from

Adin
Ginsr = / U dG W) + di1 wG(i—1.m) + ain(l — Glain)) (1)
a

i—1,n

fori =1,2,...,n, withap, = —oo and a, , = 400, where G is the cumulative distribution
function of task values [6].

The SSAP has applications in several areas, and various extensions to the problem have been
discussed in the literature. For example, Nikolaev et al. [10] studied a variation of the SSAP
in aviation security screening systems where sequentially arriving passengers are assigned to
the available screening devices, while Su and Zenios [12] addressed the problem of allocating
sequentially arriving kidneys to patients on a waiting list. Another application of the SSAP is
the asset selling problem [3], where one needs to choose the best offers out of a sequence of
bids from potential buyers. Moreover, Albright [1] analyzed a problem where i.i.d. tasks arrive
sequentially at random times according to a renewal process and must be assigned to a fixed
set of workers. The same problem is studied in [2], where various arrival time distributions are
considered. An extension of the SSAP with tasks arriving according to a Poisson process while
having random deadlines is presented in [11]. A variation of the SSAP in which the number
of tasks is unknown until after the final arrival and follows a given probability distribution is
considered in [9]. Several extensions of the problem with various assumptions on the number of
tasks and workers, and dependency between task values is studied in [7]. Asymptotic behavior
of a special case of the SSAP, where worker values are only allowed to be 0 or 1, is analyzed
in [4], and an optimal policy has been established as the number of arriving tasks approaches
oo. A generalization of this problem is studied in [5], where workers are allowed to take on
any value. Also, Baharian and Jacobson [5] considered this model under the assumption of
incomplete information, where task distributions are unobservable to the decision maker, and
presented a stationary optimal policy to achieve the long-run expected reward per task. The
assumption of fixed known success rates is relaxed in [8] and it is assumed that the workers
success rates are random, but do not change over different time intervals.

The existing SSAP literature assumes the worker values to be either deterministic or fixed
over different time intervals. In this paper we study an extension of the SSAP in which the
success rates are random variables, taking on new values upon each task arrival. For example,
consider the asset selling problem, where a sequence of bids (tasks) arrive from potential
buyers, and a set of items (workers) are available to be sold to these buyers so as to maximize
the expected total profit. A time-dependent random price is associated with each item. Each
item price is dependent on the economic conditions upon the arrival of the offer and, hence,
takes on a new value upon each task arrival, since economic conditions vary from time to time.
This can be modeled as a set of distribution functions, governed by a Markov chain, which
generate item prices. Markov chain transitions represent the variations in economic conditions
(equivalently, switching from one price distribution to another). Specifically, let Z; denote the
state of the Markov chain with state space 4 = {1,2,...,r} at time period j. Then Z; = k
implies that item prices upon the arrival of offer j are derived from the distribution function
Fy, which corresponds to the economic conditions at time j.

The remainder of this paper is organized as follows. In Section 2 we present mathematical
models of three classes of SSAPs with random success rates, providing closed-form expressions
for optimal assignment policies so as to maximize the expected total reward. In Section 3 we
present concluding comments and future research directions.
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2. Model description

In this paper we study various versions of the SSAP, where worker success rates are no
longer assumed to be fixed or deterministic. Specifically, three models are introduced which
analyze this problem from different aspects.

1. The distribution function of worker values are identical or distinct.

II. The worker values in a given time period are dependent on those in the preceding time
periods (or within the same time period).

III. The worker values are deterministic, but assumed to be functions of time (possibly
deteriorating with time). Worker values are observable to the decision maker (i.e. the
person who makes the assignments) and take on new values upon each task arrival.

2.1. Model I

Incorporating the randomness of worker values into the problem, in this subsection we
discuss three distinct models. In model 1.1 we assume that the sequence of arriving tasks is
i.i.d., while the success rate of workeri through time, { px (i) };_,, forms a sequence of dependent
random variables for any arbitrarily fixedi = 1, 2, ..., n (note that we assume that the workers
are re-numbered at each stage such that at stage j, the set of remaining workers success rates
is denoted by {p;(i)}, i = 1,2,...,n — j + 1). Moreover, the set of worker success rates is
assumed to be exchangeable (i.e. identically distributed, but not necessarily i.i.d.), given the
past values. In the following theorem we present the optimal assignment policy to maximize
the expected total reward for this model.

Theorem 1. The optimal decision at each time period inmodel I.1 is to assign the best available
worker to the current task. The resulting optimal expected total reward is then given by
Ep+[Ry] = E[X]ZZZIE[MP(IC)], where M (k) := maX;=1,. . a—k+1 pk(i), Ry is the total
reward over the last n time periods, and ¢* is the optimal assignment policy.

Proof. The proofis by induction onn. Starting fromn = 2, the optimal conditional expected
total reward after observing the first task and worker values is given by

Eg«[R2 | X1, Pi1]
= max{E[p1 (D X1 + p22Q) X2 | X1, PIL E[p1Q) X1 + p2(DX2 | X1, P11}
=max{p; (DX +E[p22) X2 | P1], p1(2) X1 + E[p2(1) X2 | P11}
=max{p1 (1) X1 + E[p2(2) | PIE[X], p1(2) X1 + E[p2(1) | PIE[X]}
= inzl?’g{pl(i)xl +E[Mp(2) | PIE[X]}

=Mp,(DX1 +E[M,(2) | PIE[X], @)

where the second equality follows since o (P> X5, Pp) is independent of ¢ (X1), and the third
equality follows since o (X37) is independent of o (P;, P>). It can be deduced from (2) that
the optimal decision upon the arrival of the first task is to assign it to the best available
worker, since E[M,(2) | P1]JE[X] is independent of i. Now suppose that the statement of
Theorem 1 holds for some n > 2, where the optimal conditional expected total reward is given
by Eg«[R, | X1, P1l=M,(1) X1 + E[X]ZZZZE[M,,(k) | P1], with ¢* denoting the optimal
assignment policy over the last n stages. To prove the claim, note that the optimal conditional
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expected total reward for the case with n 4 1 workers, after observing the first task and worker
values, is given by

Eg«[Rnt1 | X1, P1]
= max {pi(DHX;+Ep[Roin\iy | X1, P1l}

i=1,...,n+1
= lmaX_H{Pl(i)Xl + Egr [Eg+[Rur1\(iy | X2, P21 1 X1, P11}
i=l1,..., n
n+1
= max {pi()X) +Eg [Mpa)Xz +EIX]) EIM,(k) | P2] | X1, Pln
i=1,....,n+1 e

n+1
= _max p1() X1+ E[X]E[M,(2) | P1]+E[X]ZE[MP(/<) I Pl]}
k=3

n+1
= r’nax | p1()X] +]E[X]ZE[MI,(/€) | Pl]}

i=1,...,n+ 2
n+1
= M,()X1 +E[X])_EIM,(k) | Pil}, 3)
k=2

where the third equality follows from the induction assumption. It follows from (3) that it
is optimal to assign the best available worker to the first arriving task and that Eg«[R,41] =
EIX]Y 5 EIM (k)] O

In model 1.2 we analyze the case where i.i.d. sequentially arriving tasks are assigned to a set
of workers, with {p (i)};_, forming a martingale for arbitrarily fixedi =1, 2, ..., n. Worker
success rates at a given time period are no longer assumed to be i.i.d. In fact, any kind of
dependency is allowed. However, it is assumed that the worker values (although being random
variables) have a fixed order throughout the problem (note that this assumption only holds for
models 1.2 and 1.3 defined below). Specifically, suppose that the order of success rates observed
in P is assumed to be fixed throughout the problem. For simplicity, once this order is revealed
at the beginning of assignments, the workers are re-labeled such that p; (i) would correspond
to the worker with the ith smallest value. In the following theorem we detail how to tackle this
problem in order to obtain the optimal expected total reward.

Theorem 2. The optimal decision in model 1.2 is to assign the ith best worker to the first task
withvalue X1 ifit falls within the ith highest interval formed by the {a; ,, }?;11 , as calculatedin (1).
The resulting optimal expected total reward is then given by Eg+[R,] = Z?:l ai n+1E[p1(D)].

Proof. The proofis by induction on n. Starting fromn = 2, the optimal conditional expected
total reward after observing the first task and worker values is given by

Eg«[R2 | X1, P1]
= max{E[p1 (DX + p22) X2 | X1, P1I, E[p12) X1 + p2(D X2 | X1, P1]}
=max{p1 (DX +E[p22) X2 | P1], p1(2)X1 + E[p2(1) X2 | P11}
=max{p; ()X + E[p2(2) | PIE[X], p1(2) X1 + E[p2(1) | AIE[X]}
= max{p1(D X1 + p1(QE[X], p1(2) X1 + p1(DE[X]}
= p1(D(X1 AEIXD + p1(2)(X1 Vv E[XD), 4)
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where the second equality follows since o (P> X»>, Pp) is independent of o (X1). The third
equality follows since o (X?7) is independent of o (Py, P>), while the fourth equality is a direct
result of the martingale property. Let ‘v’ and ‘A’ denote the maximum and the minimum,
respectively. Note that, according to (4), the optimal action to take upon the arrival of the first
task is to compare its value with a; » := E[X] and assign it to the worker with value p;(1) if
X1 = X1 AE[X] and to p1(2) otherwise. As a consequence of (4), it follows that

Eg«[R2 | P1] = p1(DE[X1 AE[X]] + p1QELX) Vv E[X]] = p1(Da13 + p1(2)az,3.

Now suppose that the statement of Theorem 2 holds for some n > 2, where the optimal ass-
ignment policy over the last n stages is denoted by ¢* and Eg«[R, | P1] = Z’}=1ai,n+lpl (-
To prove the claim, note that the optimal conditional expected total reward, upon the arrival of
first task, for the case with n 4+ 1 workers is given by

Eg«[Rnt1 | X1, P1]

= _max {p1@)X1+ Ege[Rus1\iy | X1, P}

= 1n1ax+]{p1(i)X1 + Ep<[Royrnngiy | P11}

i=l1,..., n

= i_111135,<1+1{171(i)X1 + Eg+[Eg=[Rut1\iy | P21 1 Pi]}

i—1 n
= i:lff}ﬁ)z+l{P1(i)X1 + Eg+ I:Zlaj,nJrlPZ(j) + ;ak,n+lpz(k +1) ‘ Pl]}
Jj= =i

i—1 n
= i:f?i‘_‘,§+1{”l(i>xl + Zla,»,n+1p1(j> + ;ak,nﬂpl(k + 1)},
J= =1

where the fourth equality is a result of the induction assumption and the assumption that the
order of worker success rates is fixed (i.e. p» (/) is an increasing function of /). The last equality
follows from the martingale property. Recall that {p; (/ )}?:11 is an increasing sequence of size
n+1, and that {ay, ,+1}),,_, is an increasing sequence of size n. According to Hardy’s theorem,
the optimal decision upon the arrival of the first task with value X is to match X; with the ith
best worker if it falls within the ith highest interval formed by {a;, 41}, _,. Therefore,

n+1
Eg[Rug1 | PI1=_ ainapr1(i),

i=1
since {ai,n+2}f’:11 is the set of ordered values of X and {a, nt1}),_; (see (1)). O

Remark 1. In a similar fashion, model 1.2 and the result of Theorem 2 can be extended to the
case of incomplete information, where the actual worker values are unobservable to the decision
maker; however, the decision maker knows the order of these values, which is assumed to be
fixed throughout the problem. Specifically, the optimal assignment policy and the optimal
expected total reward in this case is the same as that presented in Theorem 2.

In model 1.3 we generalize model 1.2 to the case where the sequence of arriving tasks is no
longer i.i.d., while keeping all the other assumptions of model I.2. To obtain the optimal policy
for this model, a set of breakpoints must be calculated upon the arrival of each task, and the
value of that task is compared with these breakpoints to determine the index of the worker to

https://doi.org/10.1017/jpr.2016.64 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2016.64

Sequential stochastic assignment problem 1057

assign to the task. These breakpoints are computed in a recursive manner, as the breakpoints
{a;i »} computed in (1) that characterize the optimal policy of Theorem 2. However, the set of
breakpoints upon the arrival of task j (for any arbitrarily fixed j) are random variables, the
values of which are realized upon observing the value of X ;. These breakpoints, which make
up the optimal assignment policy for model 1.3, are computed as follows. Recall that n indicates

the total number of tasks to arrive. For any r € {1, 2, ..., n 4+ 1}, define the random variable
Af,’,‘,)r as
—00, m =0,
AW = E[AY, | F0), l<m<n—r+1, )
+o00, m>n—r+1,
where Af,’f?, = (X, V A;’z)—l,rﬂ) A Af,':,)rﬂ. In the following theorem we present the optimal

assignment policy with a threshold structure for model 1.3 with random success rates, where
the threshold values are computed iteratively via (5).

Theorem 3. The optimal decision in model 1.3 at time periodr forr = 1,2, ..., nis to assign
the ith best worker to the rth task with value X, if it falls within the ith hlghest mterval formed
by the {Am - +1}m |» as computed in (5). The resultmg optimal expected total reward is then

given by Eg+[Ry | X1, Pi] = Y1y p1(DAY
Proof. The proofis by induction on n. Starting fromn = 2, the optimal conditional expected
total reward after observing the first task and worker values is given by
Eg«[R2 | X1, Py]
max{E[p1()X1 + p2(2) Xz | X1, AL Elp1 (D) X1 + p2(DX2 | X1, Pi]}
max{pi (X1 +E[p2(2) X2 | X1, P1l, p1(2) X1 + E[p2(DX2 | X1, P11}
= max{p1(DX1 + E[p2(2) | AIE[X2 | X1], p1(2) X1 + E[p2(D) | PIIE[X2 | X11}
=max{p1(DX1 + p1DE[X2 | Xi1], p1(D X1 + p1(DE[X2 | X11}
= P (DX1 A A + pI)(X1 v AP
= pI(DAT) + P AT, (©6)

where the fourth equality is a direct result of the martingale property. Note that the optlmal
action to take upon the arrival of the first task with value X is to compare its value with A
and assign it to the first worker if X1 = X1 A AE % and to the second worker otherwise. The last
equality in (6) implies that A(z) is the expected value of the task assigned to the mth smallest
worker, upon the arrival (and observing the value) of X, when there are a total of n = 2 tasks
to arrive. Now suppose that the statement of Theorem 2 holds for some n > 2 and that the
optimal assignment policy over the last n stages is denoted by ¢*. To prove the claim, note that
the optimal conditional expected total reward for the case with n + 1 workers, after observing
the first task and worker values, is given by

Eg«[Ru+1 | X1, P1]
=, _max {p1( X1+ Eg«[Roy1\(iy | X1, P11}

I
=
§

{Pl(l)Xl + Eg [Eg+[Ruv1\iy | X2, P21 | X1, P1]}

i—1

{pl(z)xl + By [Z pr(DAVTY + sz(k + DAY ‘ X1, PI]}

j=1 k=i

.....

[
3
§
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n
(n+1) (n+1)
_max {pl(z)x1+2p1<J>A,,2 + Y pik+ DAY }

j=l k=i
n+1
7l
=Y " pOAY, (7)
where the last equality follows since {A("H)}"+1 is the set of ordered values of

(X1, A{ Y forallk = 1,2, ..., n},
by definition. Note that { p1 (/ )};': is an increasing sequence of size n+ 1, and that {A("H) el
is an increasing sequence of size n. Therefore, according to Hardy’s theorem, the optimal
decision upon the arrival of the first task with value X is to match it with the ith best worker if
it falls w1th1n the ith highest interval formed by {A("H) J—1- The last equality in (7) implies
that A is the expected value of the task as51gned to the mth smallest worker, upon the
arrival (and observing the value) of X, when there are a total of n + 1 tasks to arrive. |

2.2. Model II

Models II and III relax the assumptions that the workers success rates are either identically
distributed or have a fixed order. In model II we assume that the workers form two classes: one
class includes the workers with a zero success rate and the other class includes a set of identical
workers with nonzero success rates. Assume that there are » i.i.d. sequentially arriving tasks
(and, hence, n remaining time periods), while m (< n) identical workers (i.e. with the same
success rate) with nonzero values are available to be assigned to these tasks. In model II.1 we
consider the m worker values to be deterministic and time dependent. Specifically, if the jth task
with value X ; arrives at time ¢; then the nonzero worker values at that time are given by p(¢;).
As a result, once a task arrives, the decision maker must decide whether to accept the task
(i.e. assign it to one of the avallable workers with a nonzero value) or to reject it (i.e. assign it to
a worker with value 0). Let V (x) be the maximum conditional expected total reward obtained
over the lastn — j + 1 time perlods (specifically, time periods j, j + 1, ..., n), when there are
| workers with nonzero values avallable upon the arrival of the jth task w1th value X; = x.
Moreover, define Vj( = IE[V (X)] forany j =1,2,...,nand/ =1,2,...,n—j+ 1. In
the following theorem we present the optimal a551gnment policy for model II.l, which has a
threshold structure.

Theorem 4. There exist thresholds y™ (), y™=V ), ...,y (t) such that if the jth task
arrives at time t; and | workers are available for assignment at that time, then the optimal
decision is to accept the jth task with value X ; if and only if

X; =y, ®)

where

) L jtl j+1
o) = ———————
! p(t;)
V(l)}n +1 .

0 y =D

Moreover, forany fixedl =1,2, ..., m, {

vy
by =

is computed recursively from { ;

1 1
v = e DEXT+ VD, )
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and
VD = papBIX v yPupl+ viY forj=1.2,....n—1, (10)

with VI := 0 for all j.

Proof. To prove (9), note that at time period n — [ + 1, [ tasks have yet to arrive (specifically,
with values X,—+1, Xn—i42, ..., X,), and considering that [ workers are available to be
assigned to these arriving tasks, the best decision upon the arrival of each of these / tasks
is to accept the task and assign it to one of the available workers upon its arrival. Therefore,
once the task with value X,,_;+| = x arrives, it is assigned to a worker of value p(f,_;+1), and
I — 1 tasks (specifically, with values X, _;42, X,,_;+3, ..., X,;) remain to be assigned to / — 1
identical remaining workers. In other words,

! 1—1
VO @) = pla—iix + VY,

and (9) follows. Proving (10) follows along the same lines; however, the number of remaining
tasks in this case is not equal to the number of available workers. Therefore, upon the arrival
of the jth task with value X ; at time ¢;, the decision maker must decide whether to accept the
task or discard it. In mathematical form, this is shown by

! -1 ! -1
VIO = max{p@tj)x + VI VI = papee vy + v,

which results in (8) and (10). Specifically, the jth task with value X; = x is accepted if

-1 !
p(tj)x + Vj(+1 ) > v®

fxee which is equivalent to (8). Also, (10) follows since

Vil =BV (01 = papEIX vyl + Vi O

Observe that in order to obtain the optimal threshold values for a problem with m available
workers in model II.1, the threshold values for problems with / = 1,2,...,m — 1 available
workers must be computed in advance. Moreover, the threshold values computed in (8) are
functions of arrival times, task distributions, the number of available workers, and worker
values, as opposed to the models studied in the previous sections where the thresholds depend
only on arrival times and task distributions.

Under the same setting and assumptions, model II.2 extends the results of model II.1 to
the case where the nonzero identical worker values are random variables with time dependent
probability density functions (PDFs) (i.e. p(t;) ~ f;). Specifically, the worker values at time
period j only become observable upon the arrival of task j with value X ;. Moreover, task
and worker values are no longer assumed to be independent. The following corollary is a
generalization of the results of Theorem 4 to the case with random worker values.

Corollary 1. There exist thresholds 5™ (¢), 3=V (), ..., 3V (t) such that if the jth task
arrives at time tj and | workers with random values are available for assignment at that time,
then the optimal decision is to accept the jth task with value X ; if and only if

w; > 50,

where W; := p(t;) X ; andi(l)(tj) = V]-(Ql - Vj(i:ll). Moreover, forany fixedl = 1,2, ..., m,

Vf—l+2 by

{Vj(l)}”_l+l is computed recursively from {V;(l_l)}]_1

j=1

y®

]—
D1 = EWaripa] + V5D

n—I1+2°
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and
VD =EIw,; viPupl+ v forj=1.2.....n—1,
with Vj(o) =0 forall j.
Proof. The proof is an extension of that of Theorem 4 and is therefore omitted. ]

2.3. Model III

In Subsection 2.2 we studied the SSAP with random worker values, where the workers form
two distinct classes based on their success rates: one class includes workers with a success
rate of 0 and the other class consists of identical workers with the same success rate. In this
subsection we extend this problem to the case where workers are allowed to form two or more
classes with nonzero success rates and worker values at a given time are derived from distinct
distribution functions. Specifically, in model III.1 we study an SSAP with n = 2, where two
tasks arrive sequentially to be assigned to two workers, with random values « and 8. Worker
values at time period j are denoted by a; ~ f, and 8; ~ fg, where f, and fg are distinct
PDFs. As assumed in the previous sections, «; and ; are unobservable until the arrival of the
jth task, and take on new values with each task arrival. The goal, as in previous sections, is
to assign the arriving tasks to the workers with values « and B so as to maximize the expected
total reward. A difficulty in performing assignments in model III.1 arises since both the task
and worker values are random. Moreover, worker values are not assumed to be identically
distributed anymore, and, hence, no fixed ranking of worker values exists in advance. Recall
from (1) that a; » := IE[X] a13 = E[X Aaiz], and az 3 := E[X V a;2]. For an arbitrary
random variable y, let a( denote the breakpoint a; ,, defined by Equation (1) of [6], under the
assumption that the sequentlally arriving task values are given by y X (instead of X). In the
following theorem we present the optimal assignment policy for model III.1.

Theorem 5. The optimal decision for model I1I.1 upon the arrival of the first task is to assign
it to the worker with value B if and only if

WP 2l o

where W) := y X for any random variable y. The optimal expected total reward obtained
under this policy is given by

ver = vi¥ =24 + a5, (12)
Proof. Observe that
Vl(z)(x) = max{a1x + E[W(ﬁ)], Bix + ]E[W(a)]},

and, hence, it is optimal to choose the worker with value 8 upon the arrival of the first task if and
onlyif Bix +E[W®] > ayx + E[W®)], which is equivalent to (11). To compute the expected
total reward, let F denote the cumulative distribution function of W =9 with F := 1 — F
and note that

V® = F@f ) BIW® + BIW®] | Wb < ofoy)
+ F@ll;y OEwW® + Ew@] | w0 > o)
= F(a{’s HEW D) + F @)y EIW @] + Faf HEW® | w0 < o7
+ Fal;y OEw®= | wt= 5 o)
+ Fafly HEW® | wh= > aff 7
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= Fa’;yals* + EIW® ] + Faf, EW® | wh=o < o)
§ F@EW | W) 5 o)
+ F(a(ﬁ*‘”’)ﬂz[w(ﬁ—w | Wb o a(ﬁfa)]
= ZE[W(“)] + E[W(ﬂ—a) v a% o))
= 2aﬁxz) + a§ﬁ3 @ -

Now consider the following SSAP (labeled S1). Two tasks arrive sequentially to be assigned
to the following two workers: a worker with a random success rate of § — « and a worker with
value 0. To obtain the maximum expected total reward, X is matched with 8 — « if and only
if Wlﬂ @) > E[W®=®], which is similar to (11). This motivates us to break model III.1 into
two separate SSAPs. The first SSAP is S1, and the second SSAP (labeled S2) is a problem with
two tasks and two identical workers with random success rate . Suppose that the stream of
arriving tasks is the same for S1 and S2. Specifically, when the first task with value X| = x;
arrives, it is automatically assigned to the worker with success rate « in S2 (since workers are
identical). For S1, X1 = x1 is matched with 8 — « if (11) is satisfied; otherwise, it is assigned
to the worker with success rate 0 (i.e. rejected). When the second task with value X, = x» is
observed, it is again assigned to the worker with value « in S2. For S1, X, = x; is matched
with the last remaining worker (with value B — o or 0, depending on the decision made at
time period 1). The optimal expected total reward is equal to E[W®B=0) v E[W®=9]] and
2E[W @] for S1 and S2, respectively. Therefore, solving S1 and S2 simultaneously yields an
overall optimal expected total reward equal to that of model III.1, as denoted in (12). In other
words, one can break model III.1 into two simpler SSAPs, S1 and S2 (recall that the optimal
assignment policy for S1 is the same as that of model III.1).

Model III.2 extends this setting to a problem of size n = 3, where three tasks arrive
sequentially to be assigned to two workers with random success rates « and 8, and one worker
with fixed value O (assigning a task to this worker is equivalent to rejecting that task). We
define a new set of breakpoints as follows, which characterize the optimal assignment policy
for model II1.2 in Theorem 6 below:

a3 =afd —aly @Y =a-a5Y. 450 =% -0y,
Theorem 6. Upon the arrival of X1 in model 111.2, it is optimal to assign the first task with
value X1 to the worker with success rate | € {a, 8, 0}, if event C; happens, where

Cy = {W(Ot) ~(0‘) W(Ol—ﬁ) ~(0‘*ﬁ)}
@,3 = {W(ﬂ) '*(ﬂ) W(O( B) <a ~(‘¥ IS)}
Co = (W@ < a§‘f‘§, W < ai{’g},
and the resulting optimal expected total reward is given by
VP = @IW® | Cul + VOP)PICL) + EBIWP | el + VO P{Cy) + VP PiCy).

Proof. Observe that if we opt to assign the first task with value X; = x to the worker
with success rate «, then we are left with two workers (with success rates 8 and 0) and two
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arriving tasks. The optimal expected total reward for this problem over the last two remaining
time periods is a(’g 23 = E[W® v E[W®1]. Comparing this value with the expression in (12)
reveals that it is equal to V(©A)_ A similar argument can be made for the other two cases where
X is assigned to worker § or to the worker with value 0. It follows that

VP (x) = maxfax + VO, gx 4 v O y@hy

It is optimal to reject the first task with value X (i.e. to assign it to the worker with value 0)
if V@B > gx 4+ V0.8 gpg v@h) > Bx + v ©0.®) which are equivalent to the occurrence of
the event Cp. To see why this is the case, note that an argument analogous to that presented in

Theorem 5 leads to
ves —2q#) 1 o)

where 2a§ﬂ2) = aiﬂg + aéﬂg and a ﬂ) = afﬂ?, . Therefore, V@B > gx + VOB jg

equivalent to W("‘) < a( “) Ina 51m1lar fashion, it is proven that V@A) > gx 4+ V0@ is the
same as W < g
It is optimal to a551gn the first task with value X to the worker with value « if

ax + VOB > y@p) ax + V0P > Bx + y 0.0
or, equivalently,
ax > V@h _ V(O'ﬁ), (¢ — B)x > y O _ y©.8) (13)

(ﬂl):rom(/gl)le ar, ument made for the first case (i.e. rejecting X1), it follows that V@A) =

13 tay3 a) . Therefore, the first inequality in (13) simplifies to
oax > V(avﬂ) _ V(Oaﬁ) ( (B) +a§/33) a§ﬁ3 D‘)) aéﬂ; a%ﬂ?’) a§ﬂ3 @) — a%lg’ (14)
and the second inequality in (13) is re-written as
(@—B)x = VO —yO- = g8 o) =l P, (15)

Note that (14) and (15) are equivalent to the event G, which implles that it is optimal to pick
the worker with value « upon the arrival of the first task if the event C, occurs. The rest of the
proof follows along the same lines. (|

Unlike model III.1 and judging from the optimal policy presented in Theorem 6, model I11.2
cannot be solved by breaking the problem down into a set of smaller SSAPs. Specifically,
the points characterizing the events Cq, Cg, and Cg are functions of the breakpoints defined
by Equation (1) of [6], and computing these points involves solving stochastic sequential
assignment problems for task values given by X, X, and (¢ — §)X. However, af 3), Zziﬂ 3) ,
and aé 3 ) are not equal to the {a; ,,} calculated for SSAPs of a smaller size. Another issue that
differentiates the optimal policy of this problem from that of a SSAP with deterministic success
rates is that the ordering of the points ai 3) , aiﬂ 3) ,anda a2 3 P i dependent on the specific task and
worker value distributions, and, hence, varies from one problem to another, as opposed to the
sequence {a; ,} that depends only on the task distributions and is proven to be a nondecreasing
function of i. We can solve problems of size n > 3 using a similar approach to that demonstrated
by Theorem 6; however, no specific pattern can be found which relates the optimal breakpoints
of a problem of size n to that of a problem of size n + 1. Therefore, the problem can also
be modeled as a Markov decision process and solved numerically using backward optimality
equations.
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3. Conclusion

The existing SSAP literature studies variations of the problem under the general assumption
that worker values are deterministic and fixed numbers. In this paper we extended the SSAP
model to the case where worker success rates are observable random variables, taking on new
values upon each task arrival. Various models of the SSAP with random success rates are studied
with different assumptions regarding the success rates’ distribution and their dependency on one
another. Optimal assignment policies that maximize the expected total reward are presented for
each model. These models are categorized into three classes as follows: (i) an exchangeable
set of success rates at a given time period, with worker success rates at a given time being
dependent on that of preceeding time periods; (ii) time-dependent random success rates which
form two distinct worker classes (based on their values), with one class containing workers
with value 0; and (iii) time-dependent random success rates with distinct generic distributions,
forming two or more than two worker classes.

Further research is required to address a more general version of the SSAP with random
success rates. One challenge is to study this problem for task arrival times that are no longer
deterministic; e.g. tasks arriving according to a Poisson process. Another research direction
is the case where worker values are updated at each task arrival according to the realized task
value (i.e. worker and task values are dependent on one another). Studying this problem under
risk sensitive objective functions, such as the threshold criteria, is another possible extension.
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