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ABSTRACT

This paper studies the M/G/1 queue where a special (test) customer can get service only if he has
simultaneous access to the server and a second resource. All other customers only need access to the server.
The second resource becomes available after an exponentially distributed amount of time. The ordinary
customers are served according to the FIFO discipline. The test customer has the freedom to leave his place
in the queue at any time and join the end of the queue. If he reaches the server before the second resource
becomes available, he then must return to the back of the queue.

We derive the waiting time distribution of the test customer given that he always maintains his position in
the queue until he reaches the server. A number of conditions are given under which this "move-along"
policy is optimal, i.e., minimizes the test customer’s mean delay until service. These conditions depend on
the amount of information and freedom of action available to the test customer.
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1. PROBLEM DESCRIPTION, AND OUTLINE

The problem studied in this paper is derived from the scheduling problems which occur in a
service system with multiple resources, where a customer can get service only when all the resources it
needs are simultaneously available. The prototype multi-resource service system can be thought of as a
multi-processor computer system or a database system with locking mechanisms for integrity protection.
The simplified problem considered here is described in [Gopinath, 1984], and has become known as the
"Waiting for Godot" problem. This simplification still captures some of the effects of waiting for

simultaneous availability of multiple resources, and, as is seen in this paper, is reasonably tractable.

In the model studied there is one special customer, called the test customer, who is waiting for
simultaneous availability of two resources: the server and an "extraneous" resource. All other customers
only need the server. The other customers arrive according to a Poisson process with intensity 4 and have
service times (with the server) which are i.i.d. random variables with distribution function F([)} Laplace
Stieltjes Transform (LST) ¢(0J and expected value m. For these other customers the service discipline is
First In, First Out (FIFO). The time until the extraneous resource becomes available is an independent,
exponentially distributed random variable with parameter o (expected value '). At the time the
extraneous resource becomes available we say that the event E occurs, and once E has occurred the

extraneous resource remains constantly available.

At any time the test customer has two options. He can either maintain his place in the queue, or
he can voluntarily leave his place in the queue and move to the end of the queue. Whenever he reaches the
server after event E has occurred, service starts. If the test customer reaches the server before event E has
occurred, however, he must go back to the end of the queue. An interesting question, which will be
partially answered, is whether and why it is ever profitable for the test customer to use the option of moving

to the end of the queue without being forced to do so.

For a further study of waiting for simultaneous access to multiple resources it will be necessary
to consider situations where there is competition for the external resources, or where many other customers

are also waiting for their own (possibly different and independent) resources, or both.



As stated before, the test customer has the freedom to give up his place in the queue and go
back to the end of the line even when he is not facing the server. The move-along policy is the policy where
the test customer never uses that option. With that policy he maintains his place in the queue until he
reaches the server. At that point either service starts (if in the meantime event E has occurred), or he goes

back to the end of the line.

Our first results, stated in Section 2, are expressions for the distribution (in fact its LST) and
the expected value of the time until service starts for the test customer, given that he uses the move-along
policy, and given that at time t = O there is a random variable X representing the total amount of work in
front of him in the queue, and a random variable Y representing the total amount of work behind him in the
queue. These expressions of course are in terms of the joint distribution of X and Y. Other results, also
stated in Section 2, describe under what circumstances the move-along policy is better than competing
policies. The competing policies depend on the information and degree of freedom available to the test
customer. The test customer always knows A4 and F([l A policy is said to be optimal if it minimizes the
expected value of the test customer’s delay until service, starting from an arbitrary state. The situations
considered are:

1.1 Complete Information and Freedom

In these policies the test customer always knows the (remaining) service times for all
customers in the system. He therefore exactly knows the total amount of work in front of him in the queue
(tf) and the total amount of work behind him in the queue (t,). At any time he can decide (based on t; and

1) to give up his place and join the end of the line. It will be proved that as long as

B S (1.1)
~m absg'(0)abs

the move along policy is the best among all such "complete information and freedom" policies.

A

1.2 Partial Information and Complete Freedom

In these policies the test customer knows, at any time, the (remaining) service times of the
customers in front of him, but only the number of customers behind him. As a result he knows the total

amount t; of work in front of him and the total number j of customers behind him. At any point in time he
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can decide (based on t; and j) to give up his place and join the end of the queue. It will be proved that if

< ¢ (1.2)
1-¢(a)

then the move-along policy is the best among all such "partial information and complete freedom" policies.

1.3 Minimal Information and Complete Freedom

In these policies the test customer only knows the numbers i and j of customers in front of
him, respectively behind him, and for the customer currently being served he also knows the elapsed
service time 7. At any point in time he can decide (based on i, j, and 7) to give up his place and join the
end of the queue. It is clear that if (1.2) holds then the move along policy is the best of all "minimal
information and complete freedom " policies. It is possible (because of the smaller amount of information
available) to replace (1.2) with a weaker (larger) upper bound for 4 (see (2.26)).

1.4 Minimal Information and Limited Freedom

In these policies the test customer only knows the numbers i and j of customers in front of him
and behind him, and is allowed to leave his place and go to the end of the queue only at service completion

epochs. This situation is called the discrete-epoch situation. It will be proved that if

PSS S (1.3)
~ absy'(a)abs

then the move along policy is the best among all discrete-epoch policies.
It is shown in [Li, 1987] that the move-along policy is the best among all discrete-epoch
policies if 2 < 1/[Mg(«r)] where M is the expected service time of a customer given that event E did not

occur during (or before) his service. Since

abs¢'(ar)abs (1.4)
¢(a)

the two results are equivalent, although the proof given by Li is different from that given in Section 3.

m=

In [Honig, 1987] it is shown for deterministic service that there exists a threshhold 4,, which
depends on & and m, such that for 1 > 1, the move along policy is not optimal. In Section 3 it will be
proved that in the case of a general service time distribution there exists a threshhold 13 such that for

A > A, the move along policy is not the optimal discrete-epoch policy. This result is easily explained by the



following simple intuitive argument. Assume that 4 is quite large (e.g., 200), m =1, and that & = 0.1, so
that the expected time until E occurs is on the order of 10 service times. Suppose that initially there is one
person ahead of the test customer. While the test customer is waiting for the customer ahead of him to
finish service, new arrivals are rapidly joining the queue behind him. Consequently, if the test customer
chooses to maintain his position until he reaches the server, he will most likely have to wait in back of all of
the (approximately 200) new arrivals. Alternatively, if the test customer decides to join the back of the
queue after, say, the first 100 new arrivals, which most likely occurs during the service epoch, he will

almost certainly reduce his delay.

The previous results suggest the following conjecture:

Conjecture: Given a and F([)] there exist critical levels ﬂ;;, 1<k<4, k=1 for "complete information,
complete freedom", k = 2 for "partial information, complete freedom", k = 3 for "minimal information and

complete freedom", and k = 4 for "minimal information and limited freedom", with

| (1.5)
— <A =A<<,
m <A 2 3 4
such that in situation k ( k=1,2,3,4) the move-along policy is the best of all situation k policies if and only
if
A< A . (1.6)

1
From (1.3) it is apparent that 1, = m.

In Section 2 we give, without proofs, the main results of this paper. The proofs of these results
are given in Section 3. Section 4 discusses a related problem, where the test customer can decide to wait
outside the queue before joining the end of the line. Finally, some specific service distributions are

considered in Section 5, and Section 6 discusses some other related problems.

2. NOTATION AND THE MAIN RESULTS

At time zero the test customer has a total amount of work X in front of him and a total amount
of work Y behind him in the queue. The joint distribution of X and Y is given by

P(x,y) = Pr{X < x,Y <y} (2.1



and the marginal distributions of X and Y are denoted as

G(x) = Pr{X < x},

(2.2b)
H(y) =Pr{Y <y}.
Given any distribution R([} the LST of R is denoted by yg(Dl In particular,
Vp(S,S)) = 6[ J exp(=S;X =~ S,Y) P(dx, dy) ,
U (2.3b)

00 00
ve(s) = J e dG(x),  wu(9= 6[ e dH(y).
The distribution of T, the time until the test customer starts service, of course depends on P([JJ and on the

policy used. 77p(D)denotes the LST of T given that the move along policy is used:

np(s) = E%‘ST vbar P(X,Y), move alongg. 2.4)

If X and Y are independent we denote this as 7g 1 (S). By a (hopefully not confusing) abuse of notation we

define
M, 1, () = E%_ST vbar X =t;, Y =t,, move along% (2.5)
and
2.6
7i,i(S) = N i (S) (2.6)
(where F (Dldenotes the i-fold convolution of F (D). Finally, we define:
2.7

17i(8) = nio(S)
(where 7; o(S) is defined as in (2.6)), and we write 77(S) for g 4 (S) when Pr{Y =0} =1 (no customers are

behind the test customer).

2.1 Waiting Time Distribution and Move-Along Mean Delay

Theorems 1 and 2, which follow, give explicit expressions for 7;(S) and 77p(S) in terms of 4, m,
a, ¢(9), and yp(S;, S,), and will be proved in Section 3. The basic idea of the proofs is as follows: If there
is a deterministic amount t; of work in front of the test customer, and a random amount Y of work behind
him, then the test customer first waits for an amount of time t;. If by that time event E has occurred,
T =t;. If not, at time t; the test customer is at the end of the queue with an amount of work in front of him

equal to Y plus the service times of all customers who arrived in the time interval [0, t;]. Averaging over
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the distribution of t expresses 77 p(S) in terms of the sequence {7garFsak(S)} eeg-

Choosing Y =0 and G = s expresses 7;(S) in terms of {7(S)} s, and makes it possible to
compute 7;(S) and thus prove Theorem 1. Theorem 2 is then proved by repeated use of the same idea.
Section 3 not only contains the proofs of Theorems 1 and 2, but also a number of intermediate results such
as expressions for ng y (S) and 7, ¢, (S). Some readers may prefer to read Section 3 before reading the

remainder of this section.

The results in this section are expressed in terms of the sequences {X,(S)}, {XTilde(s)},

{Yk(9)}, and {yTildey(s)}, which are defined as:

Xo(S) =S, xTildey(s) = 0, (2.8a)
Xg+1(S) = s+ a + A{1 - 9[X (9]}, XTilde,(S) = s+ a + A{1 — ¢[XTilde ()]}, (2.8b)
Yk(S) = ¢[xk(9)]. yTilde,(s) = ¢[XTilde ()] . (2.8¢)
For s = 0 it is easily shown that
0 = xTildey(s) < Xy(S) < XTilde(s) < X,(S) < - -+ < XTildey(S) = X,(S) < 00, (2.9a)
and
(2.9b)

1 = yTildey(s) = yy(s) > yTilde|(s) = y,(S) > - - - > yTilde(S) = Y. (S) > 0,

where the ‘less than or equal to’ signs are equalities if and only if S=0. The sequences Xy(S) and Y (S) are

shown graphically in Figure 1. X, (S) and Y (S) satisfy

Xeo(S) = S+ a + {1 = [ X, (9}, (2.10b)

Yoo(S) = ¢{s+a + A[1 = Yo (9)]} = B(S+ ),
where S(S) is the LST of the lengths of the busy periods in the M/G/1 queue with 1, F(Dl ¢(Dl In section 3

a number of results related to (2.9) and (2.10) will be derived which show that the infinite series in

Theorems 1, 2, and 3 below converge uniformly for Re(s) = 0.
Theorem 1:

71(S) = 10(S)Ye(S) + D [Yi(S) = yTildeh, (S)]
k=0 (2.11)
= 6'(9) = [1 = 79(9)]Yh(S) — kZ[yTildeL<s> - Yk,
=1

where



2.12)

%[xk(s) — XTildec ()]

=)
no(s) =1 (9

Theorem 2:
np(S) = N0(DWp[ X (S), X (S)] + Z (wp[Xk(S), Xk-1(9)] — wp[XTildey.(s), XTilde(s)])
2.13)

> (wp[XTildey(s), XTildey(S)] = wplXks1(S), Xk(S)]),

=wp(S,0) = [1 = 70(9]¥p[Xe0(S): Xeo(S)] —

where X_;(S) =0
The expected value of the time until the test customer starts service, assuming the move-along

policy is adopted and that the joint distribution of work in front of and in back of the observer is given by

(2.1), is denoted as
(2.14)

— d
Tp=- e np(S)vbar s .

In analogy with the notation introduced before, fG’H denotes the expected delay when P(X, y) = G(X)H (y)
ty, Ti j denotes the expected delay when

'rtf denotes the expected delay given that X =t; and Y
I(t), and T, denotes the expected delay when G(t) = F '(t) and Pr{Y =0} =1

Gt)=Fit)and Ht) = F
Taking the derivative of the expression in (2.13) gives the next Theorem

Theorem 3:
Tp = Towp(Xeo» Xoo) + X
+ éﬂk$ absy’ (xm)absgg' WP( %) Vharg e, + (12“;'1(5)‘)” avpc;ssllsz) Vb
where
(2.16)

= 1 U 2k
To=—0+ FI absy’ (Xm)abSD
Xoo o [] k=0 m=0 O
0. X is the expected value of X, and Xy = X,(0), where X(S) is

Ms

is the mean delay delay given that X =Y =

defined in (2.8).
J(t), i.e., there are i customers ahead of the test customer, none

If G(t) = F™(t) and H(t) =



of whom have received any service yet, and j customers in back of the test customer, (2.15) becomes

= i o k , M -1 . , i - d 2.17

Ty =Toyal +im+ 3 2% [ absg'mabs vk Vi + 143880 (Xmer)aBYLYich @1
k=0 m=0

where Yy = Y(0), and Y (S) is defined in (2.8).

2.2 Conditions for Move-Along Optimality

A policy is a sequence of actions which the test customer may take, and in general each action
depends on the entire history of states visited. The only allowable action the test customer may take is to
give up his current position in the queue, and move to the back of the queue. A policy is said to be optimal
if it minimizes (over the entire class of allowable policies) the test customer’s expected delay until the start

of service, given some arbitrary initial state.

Let D(X,Y; 1) denote the expected time until the start of service for the test customer given
that initially the amounts of work in front of him and behind him are X, respectively Y, and given that
consistently policy M is used. Let M5 denote the move along policy. The maximum principle from
dynamic programming suggests that [y, is optimal if and only if
D(X. Y Mya) € D(X +Y,0; Mya) 2.18)
for all (nonnegative) random variables X and Y. This is a consequence of well known results in Markov
Decision theory. Intuitively, it can be seen as follows: suppose there is a time t = L such that for t > L the
move-along policy will be used. The problem is to find the optimal policy for t < L. But this now is a finite
horizon dynamic programming problem, and (2.18) implies that the move-along policy is always optimal.
By choosing L sufficiently large, the probability that T > L, where T is the time until the test customer
starts service, can be made arbitrarily small. This implies that the "end effect” of what happens after time L
becomes irrelevant, and that the move-along policy is optimal. This argument can be made rigorous by

observing that in the worst case (p > 1), the expected amount of work in the system at time t grows linearly

with t, while the probability that the extraneous resource is not yet available at time t is €', and

(o0]
I_lim I cte™'dt = 0 for any constant C.
- 00 JL

If X=t; and Y =t, then (2.18) becomes
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Tioto < Thoaty0 - (2.19)
For the case G(t) = F(t) and H(t) = F"(t), the condition (2.18) becomes

- = 2.20
T < T, (2.20)
for all positive integers i and j. It is therefore of interest to study T; 0 T: .1, as a function of 4, &, and

m. The next corollary is obtained from Theorem 3.

Corollary 1:

_ _ 00 -1 , O
Teorte0 = Ttoty = kzoﬂka;_lo absg (Xm)absD
- - (2.21)

xgbe_xktb(e_xktf - e_xk+ltf) — Aabsg’(x,)abst ¢ e_xkﬂtf(e_xktb — e‘><k+|tb)[|
g

Averaging over t; and ty, for the case where X and Y are independent gives

_ _ 00 -1
TG*H _TG,H = Z /’{,kﬁl ab%'(xm)absg
k=0 =0
(2.22)
' . ; O
X By ()abSIV6(X6) = Yo (Xe)] = 40/ (eI () = ¥ (Ko )]

If G(t) = F(t) and H(t) = FI(t), (2.22) becomes

N s L o WO 223
Ti+j - Tij = kz()lkan_—lo abs¢ (Xm)abS%YI]( l(ylk - y|k+1) - /“abS(]) (Xk+1)abwlk+11(y=< - le<+1)% ( )

The expressions (2.21)-(2.23) are used to prove the following four Theorems, which imply the results stated
in Sections 1.1 - 1.4. The condition on A in each case ensures that every term in the corresponding sum in
(2.21)-(2.23) is positive. The following theorems therefore give sufficient, but not necessary, conditions for

the move-along policy to be optimal.

Theorem 4: If Am < 1, the condition Ty, y < Ty, 4, o holds for all ty, t, 2 0.

Theorem 4 applies to the "complete information and freedom" situation and establishes the

statement made in subsection 1.1.

Theorem 5: If A< the condition TG,H < Tg«y holds for all G, H such that X =t; and

_*
1-¢(a)
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H(t) = F)(t), forany t; >0, j 2 0.

Theorem 5 establishes the statement made in subsection (1.2). To prove the statement in

subsection (1.3) some more notation is needed. Let

Ft+z") - F(z7) (2.24)
1-F()

(where superscript "+" denotes limit from the right and superscript "-" denotes limit from the left), i.e.,

F.O)=Pr(W<st+rabsW=17)=

F.(t) is the probability distribution of the remaining service time given that the customer has been in
service 7~ time units, and let

00

9.(s) = o[ e SdF (1) . (2.25)

Suppose that initially there are i customers ahead of the test customer, and j customers behind the test
customer, and that the elapsed time since the customer at the front of the queue started service is z. For this
case yg(S) = ¢H(S)¢)T(S) and wy(S) = ¢j(s). The next theorem gives a weaker condition on A than that

given in Theorem 5.

Theorem 6. If there are initially i customers in front of the test customer, and j customers in back of the
test customer, then the condition Ty < T+, Where w(S) = 61(S), we(S) = ¢ (9)¢.(S), and ¢.(S) is

defined in (2.25), holds for all i, j, and 7 if

1 . 1 - ys(@) (2.26)
As 1-¢(a) i>(1)flrfzo absy'(a)abs

l-yela)
- Y 5,
absy'(a)abs

This condition on A is weaker than the condition stated in Theorem 5 since
for any distribution G(t) over [0, 00). If 7, the elapsed time since the customer at the front of the queue

started service, is taken to be zero, then yg(S) = ¢i (8), and the upper bound on 4 in (2.26) can be evaluated

to give:

Corollary 2: If 4 < , the condition Tjj < T, holds for all positive i and j.

1
absy'(a)abs

The move-along policy is therefore optimal for the discrete-epoch problem if 1 < 1/absg’(«)abs.



-12-

It will be shown in the next section that

i < a < 1 . 1 -ye(a) < 1 2.27)
m 1 -¢(@) " 1-¢(a) i>0.:20 absyg'(ar)abs ~ absy'(ar)abs ’

so that Theorems 4, 5, 6, and Corollary 2 give progressively weaker conditions on A corresponding to less

information or freedom available to the test customer.

We also have the following conjecture about the expression in (2.26):

Conjecture:

of L¥e@ _. . 1-6.(a) (2.28)
iz1, 720 absyg'(a)abs 20 absg,'(a)abs

Namely, we believe that for 7 = 0 fixed the expression [1 —wg(a))/absy'(ew)abs is increasing in i. We

have not succeeded in proving this. Neither have we succeeded in proving the even stronger statement
(which probably is not always true) that [1 — yg(a)]/absyg'(«)abs is increasing if G([J is stochastically

increasing.

To show that the move-along policy is not optimal for a given A4, m, and «, it suffices to find a

particular i and j such that Tij >Tis j- Asanexample, if i = j =1, then (2.23) becomes

- = ® L [OX , , (2.29)
To=Ti= 5 2 1 aso (xpatis f1 — 2abs9' Gt abSi i = Vi)
=0 =0
1
If A > ———————, then the first term in the sum in (2.29) will be negative. However, it is not true that all
absy' (a)abs
of the remaining terms become negative for large enough A. In particular,
2 1
' - A1~y e 2.30)
absg'(xy)abs = [teywreltgey « — (
/0abs= [ (L =y) + aP
o) that Aabsg'(x,)abs < 1 for large enough A, and

Aabsg’ (X,)abs > 1absg’(X3)abs > --- > 1absg’(X,,)abs > 0 (see Lemma 2 in Section 3). It therefore is
conceivable that the sum (2.29) is positive for all 1. Nevertheless, the following theorem states that in fact
for any «, the move-along policy is not optimal if A is large enough.

Theorem 7: Given any « and j there exist two numbers iy and A such that Tj,; < Tjj for > 3 and i > .

The previous results suggest that for any of the situations considered, there exists a threshhold,
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2o, such that the move-along policy is optimal if and only if 1 < 4. To prove this result one must show
that if for some 4 = 1', 'rtf,tb < th+th,0 for all positive t¢ and tp, then it must also be true for all 1 < 1.
(Alternatively, one could show that if for specific t; and ty, Ty, 4, = Tt 4,0 for 2 = 2", then Ty 4, = Ty 4, 0
for any 4 > A'.) This appears to be difficult, and it is as yet undetermined whether or not this is true.

3. PROOFS

The sequences X (S), XTilde,(s), Yi(S), YTilde,(s) are based on the map fg defined by
f(D=s+a+All - 9(2)] G-
In particular,
xc(s) = £R(0),  xTilde(s) = f*(s), 3.2)

where £ is the k times iterated map.

If Re(S) = 0, then fg maps the half plane Re(z) = 0 into the half plane Re(2) = a + Re(s). If
p =Am< 1 then, for Re(S) = 0, fg is a contraction map on Re(2) = 0:
absfy(z)) — fs(zy)abs = absi[¢(z,) — ¢(z;)]abs < Amabsz, - z, abs, 3.3)
where the fact that absg’(z)abs < absg'[Re(z)]abs, which is decreasing in Re(z), has been used.

Suppose now that p =Am=1. Since for real S=0, ¢(S) is decreasing in S, X,(S) and
xTilde(s) in (2.8) are increasing in S, and Y, (S), YTilde.(S) are decreasing in S. Hence, for Re(s) = 0, fq

maps the half plane Re(z) 2 X(0) into the half plane Re(z) = Xy4(0). Since (see Figure 1)

Aabsg'[X,,(0)]abs < 1, there exista p *, 0 < p * < 1, and a Ky, with the property that if k = K, then

absf D (z,) - 1*(zy)abs < p * absi®(z,) - £0(z,)abs (34)
for all s, z;, z, with Re(S) 2 0, Re(z) = 0. For p * we could choose
1
p* =2 (1% AabSy [Xn(0)]abs). (3:5)
and for k, we choose
(3.6)

ko =min {k =0 : 2abs¢'[x,(0)]abs < p *}.

(3.6) uses the fact that for = 0, X,(S) is increasing in both k and s (see Figure 1).

As a straightforward application of (3.2)-(3.4) we can obtain relations such as
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absxy¢, + (S) — Xeo(S)abs = absf{(0) — fK™[x ,(s)]abs 3.7)
< (p*)*absf & (0) - £ [x,(s)labs

< (p*)* pfoabsxy,(s)abs,

where p, p *, K, do not depend on s. The series in Theorems 1, 2, and 3 therefore converge uniformly on
compact subsets of {S: Re(S) = 0}. In the remainder of this section we will mostly disregard convergence

issues.

The following lemma is needed to prove Theorems 1 and 2.

Lemma 1.

Ten (9= [ €% (=& do) + :'io [ et “kt,)k Mrisarrson (9) AG() . 38)
Proof:. Suppose that initially the amount of work in front of the test customer is exactly t. If by the time
this work has been done by the server event E has occurred, then T =1t. Otherwise, the test customer first
waits time t, and then becomes the last customer in a queue with an amount of work in front of him equal to
Y, the initial amount of work behind him, plus the work required by customers who arrived in the

meantime. (3.8) is a formal statement of this observation, and allows the amount of work in front of the test

customer to be random, as long as it is independent of the amount of work behind the test customer.0J
Remark. By defining

0 k
P = [ e G de
’ 3.9
_ A odd

K Cdsp¥etrete

we can rewrite (3.8) as

Ten(®) =Ye(9 ~ve(s+a) + 3 PE(S) Nigarpsan(S) - (3.10)
=0

This result makes it easy to prove Theorems 1 and 2. Theorem 1 is obtained by choosing

Y =0 (H(x) =1 for x=0)and G = F¥&,

Proof of Theorem 1: Assume that at time zero there is no work behind the test customer, and there are i

Fstari

customers in front of him, none of whom have received any service yet, so thatY =0 and G = . From
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(3.10) we have fori = 1:

A : G.11)
& Tk %ED¢(/1+O!+S)E77k(S)-

ni(s) = ¢'(9) — ¢ (s+a) +
In addition to (3.11) we also have the boundary condition

(3.12)

Mo (S) = N (S).

+
A+ta+s A+ta+s
Namely, if the test customer is alone in the system, then the first event to occur is either E, or the arrival of

an ordinary customer.

To prove Theorem 1 we must show that (2.11), (2.12) are the unique solution to (3.11), (3.12).

First we substitute (3.12) into (3.11), and obtain fori > 1,

e o+ An(s) @ (-)¢Hd f 0
ni(S) = ¢'(S) ¢(a+s)+m¢(/1+a+s)+k: K %:H—SD¢(ﬂ+a+s)gnk(s). (3.13)

This can be rewritten as

79 =Bi(9 + 3 P 149 (314
=1
where
Uig' (A +a +59) d |
0 A+a+s ThafArEt9. k=
_ (3.15)
Pik(s) =0 Cod b
O-4)" 0d O ifk=22.
e msp? e
From (3.9) and (3.15) we see that
< © (At L (@t9) g (Ata+y
) - (A+a+s)t stari _
k_Zl Pik(s) kZO e S G ot e
(3.16)
L _(@+9) ¢ (Ata+s)
and fori =1, Re(s) =0,
2 : _[a+Re(s)] ¢'[a + 2 +Re(9)]
IZI [Pix (9U< ¢' [ + Re(s)] 1+ o +Re(S) 3.17)

<d@)<p(a)<1.



-16-

Hence, the solution to (3.14) is unique. Moreover, the solution to (3.14) can be obtained by choosing

nfo) (s) arbitrarily, and then iterating the contraction map (in [LI[LT])

o0
A" =09+ 3 P 1) (3.18)
=1
Clearly, nlim ni(n)(s) =7i(8). This is one of the ways (2.11), (2.12) can be derived. Our original derivation
- 00

was a form of "clever trying". Since the solution is available, it suffices to verify that (2.11), (2.12) indeed
form a solution to (3.11), (3.12). It is easily seen that for any distribution G on [0, 00), and with pf(G) (s)

defined as in (3.9), and X(S) and Y,(S) as in (2.8):

kz() pE(G)(S)ylrfn(s) =yl Xme1 (9] - (3.19)

It now is easy to verify that (2.11), (2.12) indeed is a solution to (3.11) - (3.13). This completes the proof

of Theorem 1.0

Proof of Theorem 2. The proof of Theorem 2 consists of the following steps: (1) Use Theorem 1 and
(3.9), (3.10) to obtain an expression for 7g(S). (2) Use this expression for 77g(S) and (3.9), (3.10) to get an
expression for ng y(S) for general G, H. This gives 7, 1, (S) as a special case, which immediately gives

np(S).

From (3.9), (3.10), and Theorem 1,

16(8) = Ve(9) ~ ys(s+a) + 3 PE(9m(9)
=0
_ © G, HR Lk koD
= (s ~ye(s+a) + kZ P (902 [Ym(S) — YTilden. ()] + 170(9) Yo (S0
=0 m]:() |:|

P 3.20
=y(S) —wa(sta) + 2 (Wo[Xmi(S)] — weXTilden,(9)]) + no(S)w(G[xoo)(S)]

m=0

= 10(SWs[ X (9] + 2 (Wa[Xm(S)] — wa[XTilden (S)])

m=0

=yc(S) ~ [1 = 1o(9NWe[Xe(9)] = 2 (wa[XTilden(s)] = ys[Xm(9)]) .

m=1

which is the promised expression for 7g(S). Substituting for 7y«p«(S) in (3.10), and noting that

Whee(S) = w(9)95(9), gives
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ne,H(S) =ys(S) ~ye(sta) (3.21)

0 O 0
+ kZ P (9 T0(Wh [Xoo (P [Xoo (9] + 5 SvH[xm(S)Mk[xm(S)] — [ XTildey,, (s
=0 0

m=0
=y6(9) —ya(S+a) + (Y[ X (9)WH [ X ()]

+ kZ W[ Xkr1 (9w [Xk(9)] — v XTilde s (S) ]y [ XTilde. ()]
=0

= 10V [ X0 (9]WH [ X (S)] + ¥ (S)
n-1

O
+ lim [Fyg[XTilden, (S)]yy [XTilde,(s)] + kZ W[ Xke1 (9w [Xk(9)] — v XTi
n-co o rt

=ye(S) ~ [1 = no(9We[Xe (S)]Wh [ X (S)] — kZ (ya[XTildex. (9)]y [XTildex(s)] - ve
=0
For the case Pr{X =t;} =1 and Pr{Y =t,} = 1, w(s) = €', and y(S) = € ¥, and (3.21) specializes to

M1 () = (eI 4 5 ge—xusm—xk_l(s)tb — g XTilde (o)t ~xTildex(s)t, (3.22)
folb D
k=0

where X_;(S) = 0. Averaging over t; and ty, gives (2.13).00

Proof of Theorem 3: To compute the derivative of the expression (2.13), it is necessary to compute
d ' d _
os X9 - xTildey(s)]vbar & = P (ALyTilde,-1(S) = Yi-1(S)vhar

d i
== 49" (Xk-1) e [Xk-1(S) = XTilde-; (S)]vbar

(3.23)
k-1
=k M abs¢'(xm)absd% [Xo(S) — XTildey(s)]vbar
m=0
k-1
= ¥ T absg'(xy)abs
m=0
where Xy = X (0). From (2.13),
d , d _
as np(S)vbar <y = wg'(0) + [179(0) — 1] as Wp[Xeo(S), X0 (S)IVDAr =g — To¥p(Xeo, Xo)
® d . .
* 2 g WRlXikn (9). x(9)] = wp[XTilde.(s), XTilde(s)])vbar o (3.24)
k=0 OS
_ ® d _ .
=w6'(0) = Towp[Xe(S), X (S)] + kZO P (Wp[Xks+1(9), Xk (S)] — wp [ XTildey,, (s), XTildey(s)])vbar o .

Using the fact that X, (0) = XTilde,(0) = X,
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00 d ] '
kZO o (p[Xk+1(S), Xk(S)] = wplXTilde,(S), XTilde,(s)])vbar (3.25)
— & EaWP(Sl, SZ) l//P(Sl’SZ) d
=20 o5, VDRI =, 5,7, ds [xk(s) — XTildey(s)]vbar & + s vbarg -y . s =x, 5 et (9
S [OYe(Si. $) . oyp(S),Sy) 0
= kgo/ikil absg' (X,,)abs V’Paslz ) vbarg oy, s,=x, + Aabse (Xk)abswaisllsl Vbarsexkﬂ,sz:ka-
Combining (2.14), (3.24), and (3.25), and noting that y'(0) = = X, gives (2.15).
From (2.12),
g (s)vbar - L4 [Xk(s) — XTildey(s)] Vbar [x (s) — xTilde,(s)] vbar do 1
T 5 gy TR~ g 69 XTI are g o
.26)
1 ® k—l 1 |:| 00 - K
— Z “T1 absg'(xm)abs=~— + 3 2" [] abs¢'(xm)absD.
X k=0 m=0 Xoo 0 k=0 m=0 0

As a side remark, we outline an alternative derivation of (2.22). In analogy with the recurrence
relation (2.14), the following recurrence relation can be derived for the mean delay Tg y,

00
Ton =X+ 3 PO Thers G:27)
k=0

where Ty+g=« is the mean delay until service given that the amount of work in front of the test customer is

G =

the random variable Y plus K service times and p,”~” = pE(G)(O). IfY =0, then

o0 .
To=X+3 piT (:28)

where T, = T« and p(') = p I) The boundary condition, in analogy with (3.12), is

1 Y/
+ T, (3.29)
A+ta At+ta

The contraction mapping technique, which can be used to obtain the solution to (3.9), (3.10), can also be

-r():

applied to (3.28), (3.29), thereby giving explicit expressions for T; j and Ton-

Before proving Theorems 4-7, some basic properties of the sequences Xy and Y\, which follow
directly from the discussion at the beginning of this section, are stated. The sequences X, and Y are

illustrated graphically in Figure 1.

Lemma 2. For real s 2= 0, the sequence X.(S), defined by (2.8), increases monotonically and converges to
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Xs(S), and the sequences Y, (S) and absg'[x,(S)]abs each decrease monotonically and converge to Y,(S)
and absg'[ X, (S)]abs, respectively. Also, X,,(S) < S+ 1 +a.
Proof of Corollary 2: From (2.15), for the case wp(S;, S,) = € St17St)
Tip, = Toe ™+t + Z /1"3;1 abs¢’ (xm)absge'xk”tf'xktb[t - 20" (Xts], (3.30)

so that

Tiato = Teeg, =to + sza‘l absy’ (xy)abs 2 A9 (ROt + tp)e et — gl + 267 ()t e‘Xkﬂ‘f‘thbg

=ty + z lk&' absy’ (xm)abs —t e‘Xk+|tf[e—Xk'fb + 10" (X¢ )e_xk+ltb] + ¢’ (Xk)tfe_xk+ltf[ —thb(s. eI))kth g

<] -1
= z lkai‘_l abw'(xm)msﬁbe_xktb(e_xktf - e_xk+ltf) + ﬂ¢’(xk)tfe_xk+ltf(e_xktb — e_Xk+]tb)g.
k=0 =0

The next lemma proves Theorem 4 by showing that if Am< 1, then all terms in the series

(2.21) are nonnegative.

Lemma 3: The function

f(Xis Xpa1) = tp€ thh( —Xits —Xk+1tf) + A" (X )ts € xk+]tf( Xty _ e—xkﬂtb) (3.32)
is greater than or equal to zero for t; = 0, t,, = 0, and 1absg’(x,)abs < 1.
Proof: Observe that
(X %) = 0. (3:33)
Also,
of _ tbt e ~Xilo =Xty }»q) (Xk)t D_tfe_xk+1tf(e_xktb —-e Xkﬂtb) +t e ~Xi T Xk+1th
aXk+1 O
(3.34)

= tyt €740 4 29" ()t €7ty + tp)eTrts -t @]

=tytre xk+ltf( Xkl Aabsg’ (X )abse—xk+1tb) + Aabsg’ (xk)abst% e—xk+1tf(e—><ktb - e—antb)

Lemma 2 states that Xy,; > Xy, therefore the derivative (3.34) is positive, which implies that (X, Xx+) is
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positive, if Aabsg'(x)abs<1. Every term in the sum (3.31) is guaranteed to be positive if

Aabsg'(Xp)abs=Aim< 1.0

Notice that if Am=1, then the sum (3.31) will be strictly positive, since absg'(x,)abs is
strictly decreasing with k. It therefore seems likely that there exists a threshhold A, > 1/m, such that if

A < 4 the sum (3.31) is positive for all positive t; and ty,.

Proof of Theorem 5: For the case wg(s) = € %' and yy(S) = ¢j(s), (2.22) becomes

00 k
= = , O 3.35
Ten —Ton = kZ lka_l absg (xm)abst (Xic» Xier1) (3.352)
=0 =0
where
a -1, - _ _ i i O 3.35b
f(Xk’ Xk+l) = dylj( l(e Xty _ e >(kﬁ-ltf) — ltfe Xk+ltf(y|]( — y|](+1)|:| ( )
Now,
£(0,0)=0 (3.36)
and
of _ i i , . i- 3.37
Ix = /ﬂ%e Xk+ltf(y=( - yﬂ(ﬂ) +(1- /1abs¢ (xk+1)abs)1tfe yk+ltfylj( 1 i ( )
k+1
which is positive for k = 1 if 1 — Aabsg'(«)abs= 0. For k =0,
Ok Xier) = F(0,@) = (1= € = €™ [1 - g)(a)] , (3.38)
which is greater than or equal to zero if
e -1 j (3.39)

A<

O : .
t 1 =¢ia)
ot

It is easily shown that

= o, with equality as t approaches zero. Furthermore, it can be shown that

the function J 3 where 0 < a< 1and j 2 1 is an integer, increases with j, so that if

0 1 a 0 (3.40)
Chbsg'(a)abs’ 1 = ¢(a) T

then (X, Xx+1) =0 for all k = 0. Referring to Figure 2, it is clear that

A < min

aabsy'(a)abs < 1 - ¢(a) < aabsy'(0)abs = am, (341

which proves the result.0]
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Proof of Theorem 6: Substituting wy (S) = #)(s) into (2.22) gives

= = 2 K , 0 3.42
Ten = Tamn = 3 211 abso'Oimabs f (% X (42
=0 =0

where

. , P 3.43
(X Xeet) = Y0 W) = wa(Xeen)] — AabSys (X )aDS(YL = i) - (343)

As in the preceding proofs, it is easily shown that for k 2 1, df/dx, <0, and hence f(Xy, Xy+1) =0, if
Aabsy'(a)abs < 1. For k =0,

£0.) = j[1 - yo(@)] - Aabsye'()abs{1 - ¢} ()] . (344

which is greater than or equal to zero if

1< 1 - ye(@) (3.45)
T 1 -¢l(a) absyg'(a)abs

for all possible yg(S) and j = 1. Substituting yg(S) = ¢i_' (9)¢.(S), and noting that the right side of (3.45) is

minimized by setting | = 1, and is equal to 1/absg’(a)abs fori =1 and 7z = 0, gives Theorem 6.0

Proof of Corollary 2: For this case yg(S) = ¢i(s), and we show that

l-ys@ _  1-¢@
absy'(a)abs  i¢i~!(a)abse'(«r)abs

increases with i. Assume that this is false. Then

1-¢'(a) S 1= ¢ (@) (3.46)
igl(a) ~ (i + Dgi(@)

for some i. This implies that

(i + Do) = 9™ (@) > . (3.47)
The left side assumes its maximum value, however, when ¢(«) =1, therefore this cannot be true.
Consequently,
l-yele) _ 1-¢(x) (3.48)

e absy'(ar)abs - absg¢'(ar)abs
and Corollary 2 follows from Theorem 6.0
We remark that Corollary 2 can also be proved directly from (2.23). In particular, it is easily

shown that

1 (3.49)

f(Vie Yee1) = JYL (Y = Vi) = Adlsg' (@)absiyih (vl = yi,) = 0
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fori =1, j =1, and 1absy'(x)abs < 1.

Proof of Theorem 7: From (2.23) and Lemma 2
Tiey = Ty < m(1 - i) - 2imabsg'(x,)absy} ™ (1 - y!)
+ amabsg'(x,)abs[ jy] ™ (v} — yb) — Aabs¢’(x,)absiys (y] - y)]
+ ﬂzmabs¢'<x1>absebs¢'(x2>abskzuabsaﬁ'(xz)abs)k‘zjy%‘l(yiz ~ #%:50)
=2
< jm(1 - y}) - 2mabsy’ (x,)absiy ™ (1 - y}) + Amabse' (x)absy, ™"
imy) ™ (yh = yi)

1 — Aabsg'(x,)abs ’
assuming A is large enough so that 1absg’'(x,)abs < 1. For fixed « it can be shown that the last term goes

+ A*absy'(x,)absabsy’ (X,)abs

to zero faster than O(1/4). Therefore, for large 1,

- - : , 0 i 351
Toj = Ty < jm(1 - y) + 2mabss’(x))absy ™ [jy} - i(1 - yh] + O(1/2) >1)
which can be negative only if
iyl <ii-yh,
or
p_ 0 (3.52)
Vi< vl

Since y; < 1, i can be selected large enough so that (3.51) is true for any j, and if A is greater than some
threshold A4, then from (3.51), Tiﬂ- - 'rij < 0.0

4. AMODIFIED PROBLEM

So far we have assumed that the test customer can always give up his place in the queue, and
move to the back of the queue. It has been shown that if A is large enough, using this option will decrease
the test customer’s expected delay until service. Suppose, however, that the test customer cannot move to
the back of the queue once he is in the queue, but upon reaching the server before E has occured, he can
choose to wait outside the queue any amount of time before rejoining the back of the queue. The amount of
time the test customer waits is determined according to some policy, i.e., it may be determined by
observing the length of the queue. Initially, then, the test customer may wait before joining the queue, but

once in the queue he must stay in the queue until he reaches the server. This version of the problem was in
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fact the original version [Gopinath (1984)], and will be referred to as Problem 2 (P2). The problem

considered so far will be referred to as Problem 1 (P1).

Lemma 4. Given any 4, &, and m, if the move-along policy is optimal for P1, then it is also optimal for

P2.

Proof: Any allowable policy for P2 can be effectively duplicated by a policy for P1 (but not vice versa).

Therefore the optimal policy for P1 must perform at least as well as the optimal policy for P2.00

Theorems 4-6 and Corollary 2 therefore also apply to P2. Because any policy for P1 cannot in general be
duplicated by a policy for P2, the converse to Lemma 4 may not be true. That is, if the move-along policy is
not optimal for P1, it is unknown whether or not this implies that the move-along policy is not optimal for

P2. The following Theorem states the analogous result for P2 as was stated in Theorem 6.

Theorem 8: For P2, given any « and m, there exists a 4, such that if 2 = 4,, the move-along policy is not

optimal.

Proof: Assume that initially there are i customers in the queue, and that the test customer must decide to
either join the queue immediately, or wait until either there are i’ > i customers in the queue, or until E
occurs, whichever occurs first. If the test customer chooses to wait, the mean delay until service is
=, = 4.1
Ti"=piiD+ A= pidTi +7(D)] 1)
where p; - is the probability that E occurs before the queue length becomes i’, D is the mean delay until
service given that E occurs before the queue length becomes i', and 7;;:(4) is the mean time it takes to go
from a queue length of i to i’ (not including the test customer). Since D must be less than the mean delay
given that E occurs after the queue length becomes i', waiting outside the queue reduces the mean delay if
- = 4.2
Ti=Ti>7(2) (42)
for some i'. Clearly,
lim T ir(l) =0. 4.3)
A-oo

Using (2.17) and Lemma 2 gives the lower and upper bounds
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T, >T, =im+y, Ty + Amiy| " abse'(x,)abs (4.4)
and
T <Ti =im+y, Ty + Amiy| ' abse'(x,)abs + A%imy} ' absy’(x,)absabsy’(x,)abs 3 (Aabse'(x,)abs) 2 .
k=2

4.5)
The infinite series can be summed provided that Aabsg'(x,)abs < 1. From (2.30) this is always true if A is

large enough. Consequently, (4.5) becomes

A%mabsg’(x,)absabsg’(x,)absiys ! (4.6)

= S iyl !
Ti =im+ y,, T + Amiy; " absg'(x,)abs + 1 - Aabsg'(x,)abs

The condition (4.2) is satisfied if T, = T; > 7;;:(1), or

mA2absg’(x,)absabsg' (x,)absi'y, !

i =i)m + To(yh, — Vi) + Amabse’(xabs(i'y, ™" —iyi™) + +7,1:(1) €07,
(" = Dm + To(Ye, = Vo) + Amabsy’ (x)absi'yi ™ =iy T Cabs 7ij/(2) €407)
For fixed &, m, i, and i’ > 1,

lim [A%absy'(x;)absys 1= 0. (4.8)

- 00
Consequently, for large A the left hand side of (4.7) becomes
(" =M + Ty, = YVeo) + Amabsg'(x;)abs(i'y; ™ = iy\™),
which is negative for large enough A if
4.9)

sy A=l WS
Iy <y

Since the function f(u)=iu'~" decreases with i when u< 1 and i is large enough, (4.9) is true for large
enough i'. Consequently, for any &, m, and initial number of customers i, if A is large enough, the observer
can reduce his delay until service by waiting for the number of customers in the queue to increase to i'.
Therefore if A is greater than some threshold value A, then the condition (4.2) is true for some i and i’, and
the move-along policy is not optimal.I

5. EXAMPLES

We conclude with two specific examples, namely the M/D/1 and M/M/1 queues.

Deterministic Service Time (M/D/1)

For this case
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and
p(s)=e "
9'(s) =~ me™"

¢.(9) =MD,
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iftsm
ift>m’

oog

¢.'(9 =—(m-r7)eSm)

To compute TG,H , it is necessary to compute the sequence

X1 = A1 - €7 +a,

X0=0.

For the case yg(S) = ¢ (5)¢.(s) = € ™) and yy,(s) = € 9™, (2.22) becomes

— L _ [ee]
Ton =im=—z + e X=0MAT 4+ 5 3K jm + A(im - 7)e™™] exp

k=0

where

— 1
To=—
Xeo k=0

O 0
0+ 2(
O

K
Am)<exp o > X @
SmEn

a . .
7 I~ (IM = 7) X+

G.D

(5.2¢)

(5.3)

k-1 D
-m> x_ (5.4a)
= U

(5.4b)

From Theorem 5, assuming that the test customer can move to the back of the queue at any time, the move-

along policy is optimal if

A<

and from Corollary 2, the move-along policy is optimal for the discrete-epoch problem if

Exponential Service Time (M/M/1)

For this case

o
1 - gam

s

F)=F.t=1-¢e"m

and

#(S) = ¢.(5) =

§'(3) = 9.(9) = -

and

1+sm’

m
(1+sm?’

(5.5)

(5.6)

(5.7)

(5.8b)
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_ Amx . (5.9)
mx, + 1

Xk+1

For the case yg(S) = ¢H(S)¢T(S) = ¢i(s), and yy(S) = gz)j(s), the expression for 'rG,H becomes

To=im+ 2 ! d-+iT_ +§/‘L" . m U ! D'+ Ami Dslo
" O+mx,0 ° & a:(l)(1+mX|)2D(1+ka)j_1(1+ka+1)iSJ (1+mxk+1)(1+mxk)g( 10

where

O @ K 1 (5.10b)
AT —— 1
El ' k:O( ™ a:(! (I+ mX|)2EE

1
XOO
In the case of exponentially distributed service times the situations described in subsections (1.3) (minimal

information and complete freedom) and (1.4) (minimal information and limited freedom) become identical.

From Theorem 6 or Corollary 2 the move-along policy is guaranteed to be optimal if

2
+ .
1< (1 +mea) . (5.11)
m
From Theorem 5, if the test customer knows the service times of the customers ahead of him, then the

move-along policy is optimal if

JLrma (5.12)

6. UNANSWERED QUESTIONS

Assuming the conjecture stated in Section 1 is true, then Theorems 4 through 6 give lower

bounds on the critical levels /1:;. Further improvements to these bounds have not yet been obtained.

The following Theorem applies to the case where the queueing system has a finite capacity
C < 00, where incoming customers are blocked and disappear if there are already C customers in the

system (not including the test customer).

Theorem 9: For an M/M/1 queue with C < 4, the condition Tj; < Tj,j is always true, independent of 4, m,

and «.

Proof: For finite C, a finite set of linear difference equations for the mean delay 'ITij can be written down by

inspection from which the theorem is easily verified. Details are ommitted.O

It is not known if Theorem 9 is true for any C > 4. For a very large capacity queueing system,
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Theorem 7 must apply. Consequently, there must exist a threshhold A (not necessarily finite), which is a
function of C, such that the move-along policy is optimal if 4 < 2. How does A4 behave as C goes to

infinity?

Perhaps the most interesting generalization of the problem studied here is the case where other
customers in the queue are also waiting for events to occur before they can be served. For example, all
customers may be waiting for independent events, each of which occurs after an exponentially distributed
amount of time, and each may decide to follow the move-along policy. Is the move-along policy optimal for

a particular test customer?
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