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Abstract

We study two online resource allocation problems with reusability in an adversarial setting, namely
kRental-Fixed and kRental-Variable. In both problems, a decision-maker manages k identical reusable
units and faces a sequence of rental requests over time. We develop theoretically grounded relax-and-
round algorithms with provable competitive ratio guarantees for both settings. For kRental-Fixed, we
present an optimal randomized algorithm that achieves the best possible competitive ratio. The algo-
rithm first computes an optimal fractional allocation using a price-based approach, and then applies a
novel lossless online rounding scheme to obtain an integral solution. For kRental-Variable, we first es-
tablish the impossibility of achieving lossless online rounding. We then introduce a limited-correlation
rounding technique that treats each unit independently while introducing controlled dependencies
across allocation decisions involving the same unit. Combined with a carefully-crafted price-based
method for computing the fractional allocation, this approach yields an order-optimal competitive ra-
tio for the variable-duration setting.

1 Introduction

This paper investigates adversarial online allocation problems involving reusable resources, which we refer
to as k-rental problems. In the k-rental setting, a seller (or decision-maker) manages an inventory of k
identical units of a resource, say, k balls. A sequence of requests arrives over time, each seeking to rent
one ball for a specified duration. Once allocated, a ball becomes unavailable until the rental period ends,
after which it returns to the inventory. Each request also specifies a unique valuation for renting a ball.
The objective is to maximize the total valuation of all accepted requests.

In the special case without reusability (i.e., the rental durations are infinite), numerous variants of k-
rental problems have been extensively studied under different arrival models. These include the secretary
problem in the random-order model [13]], prophet inequalities in stochastic IID or non-IID settings [3} 11}
22]], and different forms of adversarial online selection problems, such as k-search and one-way trading [[7,
261231[32]], the online knapsack problem [30] 31} 33]], and their applications in revenue management [28] [2]].

In this paper, we study two adversarial k-rental problems, denoted kRental-Fixed and kRental-Variable.
In kRental-Fixed, all requests have a fixed and identical rental duration, but their valuations are uncertain.
The kRental-Variable setting generalizes this by allowing rental durations to vary across requests, with
each request’s valuation assumed to be linear in its duration.
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For the kRental-Fixed problem, [4] considers a more general online bipartite matching model in which
each matched offline node becomes available again after a fixed d time units. Their algorithm achieves a
competitive ratio of 0.589, though it does not address the optimality of their algorithm or lower bounds
of the kRental-Fixed problem. They also proposed a second algorithm using a correlation-based round-
ing scheme that achieves a 0.505-competitive ratio which is very close to the 0.5 ratio attained by the
greedy algorithm in this setting. However, the primary limitation of their approach lies in the rounding
step, which lacks sufficient effectiveness to deliver tight performance guarantees. A more recent work
by [6] examines an online job assignment problem that overlaps with both kRental-Fixed and kRental-
Variable. They develop deterministic algorithms that achieve order-optimal competitive ratios, but only
in the large-inventory regime where k — oco. This leaves open the important question of designing ran-
domized algorithms with tight guarantees for both kRental-Fixed and kRental-Variable across all ranges
of inventory sizes, including small and moderate regimes (i.e., k is finite).

1.1 Owur Contributions

We address the above open question affirmatively by developing randomized algorithms for k-rental under
general inventory settings. Our algorithms achieve the optimal competitive ratio for kRental-Fixed and a
near-optimal performance guarantee for kRental-Variable. Specifically, our contributions are twofold:

y-ocr and lossless online rounding schemes. We introduce an online rounding subroutine termed
y-Online Correlated k-Rental (y-ocr) that captures the core challenge of rounding any feasible online
fractional allocations in reusable settings with fixed rental durations. The goal is to round each fractional
allocation to an integral one, allocating a unit with probability at least equal to its fractional value multi-
plied by y € [0, 1]. As a warm-up, we present an independent rounding scheme and show that it is lossless
when the inventory is large but fails in small-inventory cases. To address this, we develop a new online
rounding algorithm, 1-ocr, which introduces correlations across time steps to achieve lossless rounding.
We believe this method has broader applicability and may be of independent interest.

Implications and insights of y-ocr for pricing reusable resources. Our online rounding frame-
work y-ocr yields both positive and negative results for the kRental-Fixed and kRental-Variable problems,
respectively. For kRental-Fixed, we design an optimal randomized algorithm grounded in the 1-ocr frame-
work. This algorithm first computes an optimal online fractional solution using a price-based approach and
then applies the 1-ocr rounding scheme to obtain an integral allocation. In contrast, for kRental-Variable
with variable rental durations, we establish a fundamental impossibility result: no online rounding scheme
can convert an arbitrary fractional solution into an integral one while preserving the same competitive ra-
tio. To address this challenge, we propose a randomized algorithm based on a limited-correlation rounding
scheme that treats different units independently while introducing controlled dependencies across alloca-
tion decisions involving the same unit. Although the rounding step is inherently lossy, we prove that the
resulting algorithm attains an order-optimal, best-known performance guarantee for kRental-Variable.

Techniques. Our overarching approach follows the relax-and-round framework, which first computes a
fractional allocation for a relaxed version of the problem using a price-based method, and then rounds this
solution to obtain an integral allocation. The second step, i.e., the rounding procedure, is more nuanced
and central to our contribution. From a technical standpoint, to derive a pricing function that produces
the optimal fractional solution for kRental-Fixed, we adopt an online primal-dual approach to guide the
design of an appropriate pricing function. For kRental-Variable, we employ the LP-free certificate frame-
work developed in [16] to construct the pricing function. In this approach, designing an a-competitive



algorithm reduces to finding a feasible solution to a system of delayed differential inequalities, which the
pricing function of DOP-¢-VARIABLE must satisfy in order to achieve the desired competitiveness. This
system, parameterized by the achievable competitive ratio, characterizes the design of a pricing function
that attains the smallest possible competitive ratio.

1.2 Related Work

Online resource allocation—the process of assigning limited resources to sequentially arriving requests to
maximize social welfare or profit—is a central topic in computer science and operations research. In the
following we briefly mention important papers from the literature related to this work.

Online scheduling. The adversarial online interval scheduling problem, introduced by [25]], considers
the task of scheduling a sequence of intervals (jobs) on a single server as they arrive in order of their
start times. Assuming that the minimum and maximum job durations are unknown, their randomized
algorithm based on a converging sequence of coin flip probabilities achieves an O((In A)'*¢) competitive
ratio for any ¢ > 0, where A is the ratio of the longest to the shortest job duration. Motivated by this work,
several subsequent studies (e.g., [9,[17,[15]) have explored various extensions of the problem. For instance,
[15] examined a variant in which the minimum and maximum job durations are known, referred to as the
online reservation problem, and proposed a static pricing algorithm with a performance guarantee of 3- (1+
In(A)). However, the static threshold approach may be ill-suited for online allocation involving reusable
resources, where the algorithm must manage more complex dynamics and schedule jobs to maximize total
resource utilization. In Section[4] we investigate whether a dynamic pricing scheme, one that continuously
updates resource prices in response to changing market conditions, can achieve stronger performance
guarantees. Additionally, we develop an online rounding scheme that, when integrated with the dynamic
pricing mechanism, effectively converts fractional solutions into integral ones while maintaining robust
performance guarantees.

Online matching with reusable resources. Several studies, including [4} (30} [14] 20} (6], have investi-
gated the online matching problem and its variants in settings with resource reusability. In particular, as
previously discussed, [4] examined an online bipartite matching problem in which resources are reusable.
This setting extends the classical online matching model introduced by [24] by allowing each matched
offline node to become available again after d time units. In Section [3| we focus on a special case of this
model involving a single resource type and valuation uncertainty. We explore whether improved com-
petitive ratios and stronger correlation schemes can be achieved compared to their results. [20] studied
adversarial reusability in the context of online assortment planning, where the kRental-Variable problem
can be reduced to their model. Their work also centers on deterministic algorithm design. Within the
kRental-Variable framework, their algorithm achieves a competitive ratio of 4 ln(‘é:’i‘r’l‘) as the inventory
size tends to infinity, where dy,ax and dpi, denote the maximum and minimum rental durations, respec-
tively. More recently, [[6] considered a generalized version of the kRental-Variable problem within the
online matching framework. Their model incorporates uncertainty in each request’s per-unit-time valua-
tion over the requested interval and across different item types. Given the close connection between their
formulation and ours, we provide a detailed comparison in Appendix|[]] deferred due to space constraints.

Online rounding. Recent work in computer science and operations research has demonstrated the ef-
fectiveness of online rounding frameworks [8] [27], which typically adopt a relax-and-round paradigm.
Notable progress has been made in designing innovative online rounding schemes in recent years. For



example, [8] introduced a subroutine called Online Correlated Selection, which imposes negative correla-
tion across selected pairs to achieve improved competitive ratios over classical greedy algorithms, which
%—Competitive ratio. Building on this idea, [4]] developed the Online Correlated Rental
method for settings with reusable resources and fixed rental durations. Similar correlation-based tech-
niques have also been adapted to the Adwords problem by [19]]. In the context of stochastic optimization,
several studies (e.g., [10,[1]]) have proposed related rounding techniques, such as online contention resolu-
tion schemes, demonstrating their effectiveness in applications including prophet inequalities and online

stochastic matching.

are limited to a

2 A Lossless Rounding Scheme for Online Correlated k-Rental

We first introduce Online Correlated k-Rental (ocr), which is an online rounding subroutine for k-rental
problems. The ocr subroutine captures the key challenge of rounding a fractional solution in k-rental
problems where resources are reusable, and

serves as a building block for algorithm design in Section 3]

2.1 y-ocr: Definitions, Objectives, and Challenges

Definition 1 (y-ocr). Consider a set of k identical balls, each uniquely labeled from the set {1,2,...,k}.
Each ball can be rented to a player for a fixed duration of d time units, after which it becomes available for
reuse. A sequence of N players arrives one by one, where each player n is characterized by a tuple (X, a,).
Here, X, € [0, 1] denotes the target probability with which the procedure should assign a ball to player n, and
ay is the arrival time of player n. For a fixed y € [0, 1], a y-OCR is an online rounding scheme that guarantees
renting a ball to each player n € [N] with probability at least yX,, for all input instances {(Xp, n) }ne[N]
satisfying the following condition:

Son < min {1, k - DIPE Tayrdzan) | Vn e [N]. (1)

As a rounding scheme, y-ocr is a randomized online algorithm that makes irrevocable decisions upon
the arrival of each player, either assigning a ball to the player or rejecting it. y-ocr focuses on the inputs
that satisfy the regularity conditions in Eq. (1). In particular, the term ) jeln-11%j " I{a;+d>a,} on the right-
hand side quantifies the cumulative targeted probabilities of players who arrived prior to player n and
whose rental intervals (each of length d) overlap with that of player n. This sum accounts for the expected
occupancy of the balls at the time of player n’s arrival. Furthermore, the condition in Eq. (1) also guarantees
that x, < 1 for all n € [N], thereby ensuring that the assignment probability for any individual player
does not exceed the availability of a single unit. Violation of this constraint would imply that the total
targeted assignment at the arrival of player n exceeds the inventory limit of k units.

The goal is to design a y-ocRr that maximizes y. A 1-OcRr is referred to as a lossless rounding scheme, as
it guarantees renting a ball to each player n € [N] with probability at least X,,. Designing such a scheme,
however, is non-trivial. As a warm-up, we first present a simple independent rounding algorithm that
incurs rounding losses. This scheme highlights the limitations of uncorrelated rounding and underscores
the need to correlate the allocation decision for each newly arriving player with the decisions made for
previously served players who still hold rented balls.
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Figure 1: Comparison of the approximate parameter f; = 1 - # versus the optimal parameter f,", and the
resulting y values for Algorithm using fi and f".

2.2 Warm Up: A Simple Independent Rounding Scheme

Algorithm 1: y-ocr using Independent Rounding

Input: Number of balls k, rental duration d, parameter f; € [0,1].

Output: Assignment z, € {0, 1} for each player n € [N].

for each player n with the tuple (a,, x,) do

Compute the number of balls currently rented at time an: yn = 3 j-[n-1] Zj - L{a;+d>a,}-

1
2
3
4
5 Sample a random seed S, ~ U(0, 1).
6 if S, < fx - %, and y, < k then

7 ‘ Zn — 1; > Allocate the (y, + 1)-th available ball to player n
8 end

9 else

10 ‘ zZp < 0. > Reject request n

11 end

12 end

Consider the rounding scheme in Algorithm([1] which is motivated by rounding schemes in the approx-
imation algorithms literature.

It samples a random seed S, independently at the arrival of each player n from the uniform distribution
U(0,1). A ball is then allocated to player n if S, < fi - X, and at least one ball is available. The parameter
fr € [0,1] serves as a downscaling factor that depends on the total number of balls, k, and targets to
reduce the allocation probability for each player. This downshift increases the likelihood that a ball will
be available for future arrivals, allowing more players to be served.

Proposition 1. Given fi € [0,1], Algorithm is yx-OCR, where yx = f - (1 — exp (— (’};j;’:i)z)) .

The proof of Proposition [1]is based on the Chernoff bound inequality and is provided in Appendix [A]
This result also informs the design of the downscaling parameter f; as a function of k to maximize yi. The
optimal value f cannot be obtained in closed form, since it involves solving a transcendental equation
of the form A(x) = In(1 — D(x)). However, it can be efficiently computed using numerical methods such
as binary search, and is illustrated in Figure (1} Based on the numerical results, we also observe that the
optimal parameter f," closely follows a simple expression f; =1 — #

Figureshows that the performances of Algorithmwith fi=1- # and f;" are also close. In addition,
as seen in the figure, for large values of k the resulting y approaches one; however, for small inventory



sizes (small values of k), the algorithm is not an effective rounding scheme. This motivates our design for
a lossless rounding scheme.

2.3 A 1-ocr Through Dependent Rounding

In this subsection, we propose a 1-0cR by correlating the allocation decisions in Algorithm 2]

Key idea of creating negative correlation. At a high level, the key idea of Algorithm[2]is to correlate
each current allocation decision with past decisions involving players whose allocated balls are expected
to return sooner. Specifically, prior to the arrival of any player, the algorithm samples a single random
seed r ~ U(0, 1), which remains fixed throughout the entire execution and serves as the only source of
randomness. This shared seed induces correlation across allocation decisions for different players. For each
player n, the algorithm uses this seed to determine whether to allocate a ball. It maintains two pointers:
my € {1,2,...,k} and p, € [0,1]. The first pointer, m,, indicates the ball under consideration for allocation
to player n; this ball may be unavailable if it is currently assigned to a previous player. The second pointer,
D specifies a subinterval of [0, 1] used to guide the allocation decision. For each player n, the algorithm
proceeds based on the relationship between p, and %, as described in the following two cases.

« Case 1: If p, + X, < 1, then the algorithm allocates ball m,, to player nif r € [p,, pn + X,) and the
ball is available in the system. Otherwise, the player is rejected and no ball is allocated.

« Case 2: If p, + x, > 1, then the algorithm allocates ball m,, if € [p,, 1] (and the ball is available
in the system), or allocates ball m,, + 1 if r € [0, p, + X, — 1). Since x, < 1, these intervals are
non-overlapping, ensuring that no more than one ball is allocated.

Key invariant of Algorithm It is worth noting that Algorithm [2{ does not verify the availability of
balls m,, and m, + 1 before assigning them to players. This omission is justified by some key invariants
that we establish in Proposition 2] below concerning the availability of these balls.

Proposition 2 (Invariants of Algorithm[2). Upon the arrival of the n-th player, the following holds:
o If pn + Xn < 1 and the random seed r € [pn, pn + Xn), then the ball m, is available.
« If pn + X, = 1 and the random seed r € [py,, 1], then the ball m,, is available.
o If pp + X, > 1 and the random seed r € [0, p, + X, — 1), then the ball m,, + 1 is available.

The proof of the above proposition is provided in Appendix The pointer mechanism described
therein plays a critical role in synchronizing the scheduling of different balls for consecutive players. It
also maintains a record of subintervals within [0, 1] such that, if the random seed r falls within these
intervals, either ball m,, or m,4; remains available. As explained in the context of Algorithm [2| the total
length of the subinterval used for decision-making for each player n is precisely x,,. Since r is sampled from
the uniform distribution U(0, 1) and a ball is assigned when r lies within the corresponding subinterval,
each player receives a ball with the target probability x,.

Leveraging the key invariants established in Proposition[2] we can conclude that Algorithm[2)is lossless.

Theorem 1. Algorithm[2is a 1-Ocr, namely, it is a lossless rounding scheme.

Due to the space limit, we defer the full proof of the above theorem to Appendix and provide a
detailed example to explain how Algorithm [2] works in Appendix



Algorithm 2: 1-ocr using Dependent Rounding

1 Input: Number of balls k, rental duration d.

2 Output: Assignment z,, € {0, 1} for each player n € [N].

3 Initialize: Set m; = 1, p; = 0. sample a random seed r ~ U(0, 1).
4 for each request n with the tuple (a,, x,) do

5 if 2 jcpn) X; Laj+d>a,) > k then
6 ‘ z, < 0. > Reject player n
7 end
8 if p, + X, < 1 then
9 if r € [pn, pn + X,) then
10 ‘ z, «— L > Assign ball m,, to player n
11 end
12 else
13 ‘ Zy < 0. > Reject player n
14 end
15 Update pp+1 = pn + X, and mpyq = my,.
16 end
17 else
18 if r € [py, 1] then
19 ‘ Zy — L. > Allocate ball m, to player n
20 end
21 elseif r € [0,%, + p, — 1) then
22 ‘ zZ, «— 1 > Allocate ball m,, + 1 to player n
23 end
24 else
25 ‘ z, « 0. > Reject player n
26 end
27 Update pp41 = Xy + pn — 1 and myyq = my, + 1 (if mp4q > k, then set myy; = 1).
28 end
29 end

3 kRental-Fixed: k-Rental with Fixed Rental Durations

In this section, we define the kRental-Fixed problem and present an optimal randomized algorithm based
on the rounding scheme, 1-0CR, developed in the previous section.

3.1 Problem Formulation and Assumptions

Let us formally define the online k-rental problem (kRental-Fixed) as follows. A decision maker has k units
of an item and allocates them to online arriving requests. Each request n € [ N] asks to rent one item for d
time units. The n-th request arrives at time a,, and has a valuation v, for renting one item. In particular, if
an item is allocated to request n, the item is rented starting from a,, and becomes available again at time
a, +d.

Let x, € {0, 1} denote the decision to accept or reject the n-th request. The objective of the problem
is to maximize the total valuation of requests that receive an item allocation, i.e., Zne[ N]Xn * Un, while
respecting the constraints on available items.



Let I = {0y, @n}ne[n] denote an instance of kRental-Fixed. The maximum valuation from the optimal
clairvoyant algorithm, OPT(I), can be determined by solving the following optimization problem:

rr)lczix ZHE[N] Up * Xn, (2a)
st. Zje[n] xj  Larasany < k. Vne[N], (2b)
x, € {0,1}, Vne [N]. (2¢)

The constraint ensures that at any point in time throughout the horizon, no more than k items
are allocated. The left-hand-side of this constraint counts the number of units of the item allocated at
that moment, including the decision made for the arriving request n. Thus, it is sufficient to enforce this
constraint only at the arrival of each request n, when the available inventory may decrease.

In the online setting, the decision maker must make an irrevocable decision to accept or reject each
request upon its arrival. The uncertainty regarding future requests’ valuations and the overall demand for
the items makes this decision challenging. To achieve a bounded performance, we follow the literature
and assume the valuations of requests are bounded.

Assumption 1. All valuations are within the range [0min, Umax|, -€¢, Un € [Umins Umax], Y2 € [N].

Let 7 denote the set of all instances of the kRental-Fixed that satisfy Assumption (1} Our goal is to
design online algorithms whose objective is competitive with that of OPT(I) for every instance I € 7.
Specifically, an online algorithm ALG is said to be a-competitive if, for any input instance I, the following
inequality holds a > %, where the expectation E[ALG(I)] is taken over the randomness of the online
algorithm.

In the following section, we present an algorithm for the kRental-Fixed problem that achieves the
minimum possible competitive ratio among all online algorithms. This result strictly improves upon the
deterministic algorithm proposed by [6l], which attains only an order-optimal competitive ratio in the
asymptotic regime where the inventory size tends to infinity.

3.2 DOP-¢-FIXED: A Relax-and-Round Algorithm for kRental-Fixed

We introduce a randomized online algorithm, Dop-¢-FIXED, presented in Algorithm[3] which is based on a
general relax-and-round framework. In the relaxation step, we design an online algorithm for a continuous
version of problem (2) by relaxing the integrality constraint to x,, € [0, 1] for all n € [N]. This algorithm
produces an online fractional solution {X, },e[n]. In the rounding step, the algorithm converts the fractional
solution %, into an integral decision x,, € {0, 1}.

Core idea for obtaining fractional allocation: Pseudo-utility maximization in Eq. (3). Upon the
arrival of request n, the algorithm first computes an expected utilization level y, = Z?;ll Xj + Laj+d>apn}s
which is the expected number of resource units that are currently rented by the previous requests whose
rental durations overlap with that of request n. Using this expected utilization level, the algorithm deter-
mines the fractional allocation by solving a pseudo-utility maximization problem as described in Eq. (3).
The first term x - v, is the valuation from request n, and the second term is a pseudo-cost of renting x

unit of an item when the current utilization level is y,. Specifically, the pseudo-cost, k y( y/';:x)/k ¢ (n)dn,

is estimated using a carefully-designed, normalized marginal pricing function ¢ : [0,1] — [0min, ¥max]-

Thus, the integration of ¢ over the resource utilization interval [%, y"k+x] gives the pseudo-cost.

In this context, the fractional allocation %, represents the optimal fraction of a resource unit to allocate
to request n, given their valuation v,, and the pricing rule defined by ¢.



Rounding subroutine: 1-ocr. In this step, the fractional solution X, is passed to the lossless online
rounding procedure 1-ocr. This procedure generates an integral decision x, on whether to accept the
request. This procedure operates as an online algorithm, with an instance of this algorithm initiated at the
start of Algorithm[3] As each request n arrives at time ay, the 1-ocr procedure receives a probability value

€ [0, 1] (generated by the relaxation step) as input at time a,,. Then it makes an integral decision x, on
whether to accept or reject the request. All rounding decisions are based on one random seed, which is
fixed when Algorithm 3]initiates the 1-ocR instance and remains the same for all requests.

Algorithm 3: Duration-Oblivious Price-based Algorithm with Lossless Rounding for kRental-
Fixed (DOP-@-FIXED);

1 Input: Pricing function ¢ : [0, 1] — [Umin, Umax]-

2 Initiate an instance of 1-OCr procedure.

3 for each arriving request n with (v,, a,) do

4 Compute the expected utilization level at time a,: y, = Z;.‘:_ll xj * Lasvd>an)-

5 if y, < k then

6 Compute the fractional allocation: > Relax step

(yn+x)/k
Xy = arg max xX-u,—k / ¢(n)dn. (3)
x€[0,min{1, k—yn}] n=ynlk

7 Decide the integral allocation by Algorithm Xp = 1-OCR (X, an). > Round step
8 end

9 else

10 xp = 0. > Reject request n
11 end
12 end

I

Before leaving this subsection, we remark that the pseudo-utility maximization that yields the frac-
tional allocation in Eq. (3) differs fundamentally from the pseudo-cost frameworks of [6,30]. Those works
adopt a forward-looking approach that estimates the cost of accepting a request using the entire utiliza-
tion trajectory over the request’s rental interval. Thus, the pseudo-cost is a functional of the utilization
curve throughout the interval, not merely the level observed at arrival. In contrast, our algorithm adopts
a much simpler myopic approach that computes its pseudo-cost just based on the current utilization at the
moment the request arrives (hence the term “duration-oblivious"). We next show that it is a simpler yet
still competitive pricing rule.

3.3 Theoretical Guarantee of DOP-$-FIXED

As explained in Section 3.2 DoP-¢-FIXED employs the 1-0cR procedure to round the fractional allocation X,
at each time step and to make an integral decision. For this procedure to function correctly, the fractional
solution generated by the relax step must satisfy the feasibility conditions in Eq. (1)) for 1-ocgr.

Lemma 1 (Feasibility of Fractional Solutions). In DOP-¢-FIXED, the input of the round step (line[7 of Algo-
rithm[3), {(Xn, an) }ne[N7, satisfies the feasibility condition in Eq. (1).

The above lemma naturally follows from the design of pop-¢-FIxED. Based on this, we prove the
performance guarantee for DOP-¢-FIXED.



Theorem 2. poP-¢-FIXED is (1 + In(22:))-competitive for kRental-Fixed when ¢ is given by

Umin

#() = omin - exp((1+In(22)) -y~ 1),y e [01]. (4)

The complete proof of Theorem [2]is provided in Appendix [C] Our proof follows the well-established
online primal-dual (OPD) framework, with a notable deviation from the conventional approach: the up-
dates to the dual variables are deferred until after the arrival of the final request similar to the work done in
[20]. Specifically, the dual linear program involves variables {u,, A5} ne[n]. In line with the interpretation
in [5]], A, can be viewed as the per-unit price of the item at the arrival of request n, while u, represents
the utility that request n derives under the pricing scheme that determines the fractional allocation. A key
step in the OPD method is the update of the variable A,. For each request n, it suffices to increase the price
only at the arrival time of request v}, defined as the latest-arriving request whose interval overlaps with
that of request n. This suffices because any future request whose allocation might be influenced by that of
request n must also have an interval overlapping with v;. Therefore, updating the item price at the arrival
of v}, ensures the the dual constraint getting satisfied.

Finally, we can show that bop-¢-FIXED achieves the optimal competitive ratio by showing a matching
lower bound as follows.

Proposition 3 (Lower Bound). Under Assumption[1, no online algorithm, deterministic or randomized, can
obtain a competitive ratio better than 1 + In(222) for the kRental-Fixed problem.

Ymin

The proof of the above proposition is presented in Appendix [D] Following the approach of [29, 21],
we construct a family of hard instances to derive the desired lower bound. The instance begins with k re-
quests, each with valuation vp;,. These are followed by successive batches of requests with monotonically
increasing valuations, eventually reaching vpax. All requests arrive within an arbitrarily small time win-
dow that is negligible relative to the deadline d. By applying the representative function-based approach
(29, 21] to this family of instances, we derive the optimal online algorithm and establish a matching lower
bound applicable to all online algorithms.

4 kRental-Variable: k-Rental with Variable Rental Durations

This section focuses on the kRental-Variable problem, which generalizes the kRental-Fixed problem stud-
ied in Section 3| by allowing variable rental durations.

4.1 Problem Statement and Assumptions

We formally define the k-rental problem with variable rental durations (kRental-Variable) as follows. A
decision maker has k identical units of a resource to allocate to N requests arriving online. Each request
n € [N] arrives at time a, and asks to rent one unit of the resource for d,, time units, where the rental
duration d,, may vary across requests. If a unit is allocated to request n, it remains occupied until time
an + dy, after which it becomes available again for future requests. Each request has a valuation equal to
its rental duration d,,. Let x,, € {0, 1} indicate whether request n is accepted (x, = 1) or rejected (x, = 0).
The objective is to maximize the total valuation of accepted requests, >, [n] Xn dn, Subject to the resource
constraint corresponding to the finite inventory capacity.

Let I = {ap, dn}ne[n) denote an instance of the problem. The performance of the optimal clairvoyant

10



algorithm on instance I, OPT(I), can be computed based on following integer linear program:

n}&ix ZHE[N] Xy - dp, (5a)
s.t. Zje[n] %j Lapraj>any <k, Vn e [N], (5b)
x, € {0,1}, Vne[N]. (5¢)

To achieve a bounded competitive ratio, we still impose constraints on the adversary, ensuring that
the requested rental durations of requests are bounded within a finite support.

Assumption 2. All rental durations are within the range [dmin, dmax ], i-€., dn € [dmins max], V1 € [N].

In the following, we first prove that obtaining a lossless rounding scheme for a variant of the y-ocr
problem where players have variable rental durations is impossible. Given this, we then develop a new ran-
domized algorithm that uses a new limited-correlation scheme to round the fractional solution, achieving
a tight competitive ratio for kRental-Variable.

4.2 Impossibility of 1-ocr under Variable Durations

We show that the correlation scheme of the 1-ocr procedure in Algorithm [2| cannot be extended to set-
tings with variable, request-dependent rental durations; in fact, when the duration of the requested rental
intervals varies, it can be proven that no lossless rounding scheme exists.

Theorem 3. There is no rounding scheme that can attain a lossless rounding, i.e. y = 1, for the y-ocr problem
with variable rental durations.

We prove the theorem by constructing a family of hard instances on which every online algorithm nec-
essarily incurs a non-zero loss. Fundamentally, a lossless algorithm would need to randomize its decisions
such that, across all sample paths, the number of allocated items remains balanced. Specifically, upon the
arrival of request n, the algorithm must accept it on precisely those sample paths where the number of
allocated items is lower than in any other path, or on paths where the number of allocated items is about
to decrease due to the imminent expiration of rental durations for previously accepted requests. However,
in the variable-duration setting, rental lengths fluctuate unpredictably with the arrival of new requests.
A request allocated a unit later than others may return it earlier, introducing significant variability. This
makes it infeasible to maintain the necessary correlation across sample paths. As a result, any online al-
gorithm must incur a non-trivial competitive loss. In contrast, when rental durations are fixed, a request
that receives a unit later will always return it later. This temporal consistency enables effective correla-
tion of decisions and allows the design of a lossless rounding scheme. In Appendix [E] we formally define
the y-ocr problem under variable rental durations and establish the impossibility of a lossless correlation
scheme in this setting.

4.3 DOP-¢-VARIABLE: A Randomized Algorithm with Limited Correlation

We present DOP-¢-VARIABLE in Algorithm |4 which also follows a relax-and-round paradigm. Upon the
arrival of request n, the algorithm computes the probabilistic utilization level y,(,i) for each unit i € [k]. It
then selects the unit i) with the lowest utilization level (breaking ties arbitrarily). A fractional allocation
%n € [0,1] is determined by solving the pseudo-utility maximization problem in Eq. (6), using a pricing
function ¢. Note that here ¢ does not refer to the function in Eq. (4), but instead denotes a new function
specifically designed for pop-¢-vARIABLE. Once X, is computed, the algorithm proceeds to the rounding
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phase by correlating the current allocation decision for unit i), with its prior allocation history. Specifically,
if unit i} is available, a new random seed is drawn, and the unit is allocated to request n with probability
Xn/(1— y,(li:’)). This ensures that the overall allocation probability for unit i}, is exactly x,. This correlation
process is carried out independently for each unit, introducing dependency only among allocation decisions
involving the same unit.

Algorithm 4: Duration-Oblivious Price-based Algorithm with Limited Correlation for kRental-
Variable (DOP-¢-VARIABLE)

1 Input: Pricing function ¢ : [0, 1] — [dmin> dmax]-
2 for each arriving request n with (d,, a,) do
(1) _ yn-

3 Compute the probabilistic utilization level at a,: v, = jzll %j  Lajrd;>an) -I[{,-j_:,-},Vi € [k].
4 Let i;, = argmin, ¢y {y,(li)} and compute
Fo
Xp = argmax dp - x — /(m é(n)dn. (6)
x€[0,1] n'
5 Sample a random seed S, ~ U(0, 1).
6 if S, < —= and unit i,, available in system then
1_ynn
7 ‘ xp =1 > Allocate unit i}, to request n
8 end
9 else
10 ‘ xn = 0. > Reject request n
11 end
12 end

Overview of challenges and design principles of ¢. Designing a competitive pricing function ¢ for
DOP-¢)-VARIABLE involves two primary challenges. First, unlike the relax-and-round approach adopted for
kRental-Fixed, Algorithm[4integrates the relaxation and rounding steps into a unified procedure, wherein
the rounding phase directly influences the structure of the pricing function ¢. Similar design principles
have been employed in related works, such as [[12] [8]. Second, as with Algorithm [3|and in contrast to the
approaches in [6,30], Algorithm [4/adopts a myopic, duration-oblivious decision-making strategy. It bases
allocation decisions solely on the current utilization levels {y,(li)} ic[k] at the arrival time a, of request n,
rather than considering the entire rental duration. This duration-oblivious pricing scheme may initially
appear counterintuitive, as the pseudo-cost term in Eq. (6) does not depend on the rental duration d,,.
Nevertheless, as elaborated in the next section, the pricing function ¢ is carefully designed to implicitly
capture potential fluctuations in utilization throughout the entire duration of request n. In essence, our
goal is to maintain a simple and cognitively lightweight pricing scheme, while embedding the complexity into
the internal structure of the pricing function ¢ itself.

4.4 Theoretical Guarantees of DOP-@-VARIABLE

We employ the LP-free certificate method developed by [16] to establish a performance guarantee for
DOP-¢-VARIABLE. This involves constructing a system of linear constraints parameterized by «a, such that
the existence of a feasible solution certifies a-competitiveness. Satisfying this system effectively imposes
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a distinct constraint for each request n. To address these constraints, we derive a system of differential
inequalities that guide the design of the pricing function ¢. For each possible utilization level at the ar-
rival of request n, we consider the worst-case scenario for utilization fluctuations over its rental interval.
Consequently, the design constraints for ¢ naturally arise from this worst-case analysis, embedding such
fluctuations explicitly into the pricing function. The following theorem formalizes this result.

Theorem 4. DOP--VARIABLE is a-competitive for the kRental-Variable problem, provided that the pricing
function ¢ is increasing and satisfies the following inequalities for all d,, € [dmin, dmax] andn € [N]:

[\

2

du V2 € [0 ¢7(d)],

S gy dn + % du (9°(dn) — 2u1)

2d,¢*(dn) — 2y, (dn - ¢(yz))

where ¢*(dn) = sup,¢o1){¢(x) < dn}.

The detailed proof of the theorem is provided in Appendix [[] By Theorem [4 designing an algorithm
with guaranteed performance reduces to constructing a pricing function ¢ that satisfies the constraints in
Egs. (7)., while minimizing the competitive ratio . However, solving ¢ is challenging in general because
it involves solving a system of delayed differential inequalities with an inverse term.

dn, Vyl c I:O’ ¢*<dn):|’

v

Tightness of results from DoP-¢-vARIABLE. Based on Theorem[4] we can show that DOP-@-VARIABLE
is 3+ (1 + In( Gme ))-competitive for the kRental-Variable problem when the pricing function ¢ is designed

dmin

as: ¢(y) = dmin - exp([1+1n( ZK":)] -y—1),Vy € [0, 1]. This also matches the best-known competitive ratio
for kRental-Variable in prior work [15]. On the other hand, we can prove that no online algorithms can
attain a competitive ratio smaller than 1 + In(dpax/dmin) for the kRental-Variable problem. Therefore, one
simple feasible design of ¢ based on Theorem [4|can already attain an order-optimal competitive ratio for
kRental-Variable. We defer all proofs related to the order-optimality to Appendix |G}

Comparison to prior work.  To demonstrate the significance of our results, we further develop a
numerical method in Appendix [H| to solve Egs. and obtain a pricing function. In Figure 2| we show
that the competitive ratio achieved by pDoP-¢-vARIABLE (blue curve) surpasses the best known bound of
3 (1 + In(dmax/dmin)) from [15].

As a relax and round algorithm, we also investigate the performance of the fractional solution from
the relaxation step. Recall that DOP-¢-vARIABLE adopts an integrated design of the relaxation and round-
ing. Thus, deriving the fractional solution without the rounding step needs to additionally modify the
LP certificate conditions in Egs. (7). We show the details in Appendix [|and call the resulting new algo-
rithm DOP--VARIABLE-FRACTIONAL. The competitive ratio of DOP-¢-VARIABLE-FRACTIONAL is illustrated
in green curve in Figure [2l We observe that its performance is comparable to 4 + In(dpax/dmin), Which
is the best-known competitive ratio of kRental-Variable in the large inventory regime (as k — oo) [6]].
We highlight that it is possible to design a new algorithm for the fractional solution of kRental-Variable
using the techniques developed in [[6] (See Appendix [J| for more details). In comparison, our proposed
DOP-()-VARIABLE-FRACTIONAL uses a far simpler, duration-oblivious pseudo-utility maximization rule: the
fractional decision for each arriving request depends only on the utilization level at the arrival of the re-
quest, whereas the new algorithm based on [[6]] must additionally track the utilization fluctuation over the
entire rental interval of every request.

Furthermore, due to the impossibility results of y-ocr under variable durations, we are unable to design
an online rounding scheme for the fractional solution based on [[6]. In contrast, our proposed algorithm
DOP-(-VARIABLE integrates the design of deriving the fractional solution and the rounding scheme, which
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Figure 2: The blue and green curves illustrate the competitive ratios of Algorithm [4in the integral and
fractional settings (using the numerically derived pricing function ¢). The brown and black curves serve
as benchmarks, which correspond to the best known bound for general k [15] and the bound for large

k [6].

results in the improved competitive solutions. Designing a tight online rounding scheme for general online
fractional solutions remains an interesting open question.

Insights into the hardness of kRental-Variable. To design a pricing function that satisfies the con-
straints in Theorem [4 with the minimum possible value of ¢, it suffices to enforce these constraints only
at the critical points where the left-hand side of the inequalities is minimized. Furthermore, achieving the
optimal value of « requires that the inequalities hold with equality. This condition leads to a system of
delayed differential equations. Notably, the fact that the pricing function attaining the tightest competitive
ratio arises from such a system highlights a memory effect: past prices, which are used to reserve a fraction
of the resource for short-duration requests, affect the current pricing dynamics. As a result, the pricing
function becomes sensitive to the durations of previously accepted requests, particularly those assigned
fractional allocations. This sensitivity implies that the pricing function not only sets current prices but
also implicitly manages request scheduling by balancing resource reservations in anticipation of returns
from short-duration requests. We believe that this provides a new perspective on the fundamental hard-
ness of kRental-Variable and related online allocation problems involving reusable resources, such as in
scheduling and matching [[18]].

5 Conclusion and Future Directions

We studied two adversarial online allocation problems involving reusable resources: the online k-rental
problem with fixed rental durations (kRental-Fixed) and a more general variant with variable rental du-
rations (kRental-Variable). To address both settings, we proposed a unified relax-and-round framework
that leverages a price-based approach to compute fractional solutions and novel online rounding schemes
to convert them into integral decisions. For kRental-Fixed, we integrated the price-based strategy with a
new lossless online rounding scheme, 1-0cRr, achieving the optimal competitive ratio. In the more gen-
eral kRental-Variable setting, where lossless rounding is provably unattainable, we developed a limited-
correlation rounding strategy that achieves an order-optimal guarantee. We believe that the lossless online
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rounding technique introduced in this work is broadly applicable and has the potential to enhance algo-
rithms for a wide range of online resource allocation problems.

This work opens several promising directions for future research. In particular, two open problems
stand out as especially compelling: (i) designing more powerful rounding schemes that further narrow the
gap between fractional and integral solutions in the variable-duration setting, and (ii) establishing tight
upper bounds on the best achievable y-ocr under variable rental durations, despite the impossibility of
attaining 1-ocRr as shown by our result.
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Appendix

A Proof of Proposition

Let P, = {i € [n—1] | a; +d > a,} denote the set of players whose rental intervals overlap with that of
player n. Let E,, denote the event that a ball is allocated to player n. Define A; as the event that the random
seed s, < fi - X, for the n-th player, for each i € [N]. For convenience in notation, we occasionally abuse
the notation by using E, or A, to also denote the indicator random variable I, and [4,. Then, we have:

ZEi<k ZA,-<I< ZAi<k

ieP, ieP, ieP,

B[E,] = P[A,] - P > P[A,] - = fi %P

The inequality P [Ziepn E; < k] >P [Ziepn A; < k] holds because, whenever };cp A; < k occurs, the
event },;cp E; < k must also occur. This is true since if fewer than k players satisfy the seed condition
(which means that they are eligible for allocation), then at most k — 1 players can have a resource unit
under allocation at the arrival of player n. Thus, to prove the proposition, it suffices to lower bound the

term P [Z iep, Ai < k] and show that this probability is at least 1 — exp (— (l};j;’;r],i) - )

The random variables {A;};cp, are mutually independent since the random seed s; for each player i is
sampled independently from the uniform distribution.

Furthermore, we have

E

>4

iepP,

= > ElAl= ) fi-#i < fi-k

iepP, iepP,

where the last inequality follows from the condition in Eq. (1).
We can restate an alternative form of the Chernoff bound as follows:

Lemma 2 (Chernoff Bound). Let {X;}_, be independent random variables taking values in [0, 1], and let
S = XL, Xi; with mean yu = E[S]. Then, for any threshold A > y1, P[S > A] < exp (—%) .
Applying the above form of Chernoff bound gives

ZA,-ZIC] < exp

ieP,

(k —E[Xiep, Ail)® '

P
E[Xiep, Ail +k

<o EoR )
R W

where the second inequality follows from the inequality E[};cp Ai] < fi - k and the fact that function

exp (— (Ij;’;c)z) is increasing when x < k and f; < 1. Putting together everything, we have

(k—ﬁ<-k)2))
fo k+k |-

We thus complete the proof of Proposition|[i}
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B Proofs and Examples for 1-ocr

B.1 Proof of Proposition 2]

For each player n € [N] and ball i € [k], we define the set R,(j) as follows:
RY = {(pj, max{1,p; +%,}, j)|j € Bff)} U {(o,pj +2,-1,j)[j € BV, pj+ % > 1}, )
where the set of players in Bf,i) are defined as

B,(li) = {je [n] |aj+d > ap,mj=1ix%; iO}.

For each ball i, the set R} contains all triplets that each correspond to the process of the algorithm
deciding to allocate ball i to player n. Specifically, if an element of the form (p i, max{1, pj+x;}, j ) appears in

R,(li) andj € B,(f), then upon the arrival of player j, if the random seed r lies in the range (p;, max{1, p;+%;}],
Algorithm [2|allocates ball m; = i to player .

Similarly, if (0,pj + X - 1,j) belongs to R,(f) and j € Bﬁf_l), then upon the arrival of player j, if
rel0,pj+x;—-1), Algorithmallocates ball m; +1 =i to player j. Thus, the element (O, pj+Xx;—1, j) is

added to Rf,i) to reflect this allocation decision.
In what follows, we show that if Proposition fails, then there must exist two elements (s, e, ny) and

(s2, €9, n2) in either R,(lm”) or R,(lm"“) whose intervals [s1, e;) and [sy, e;) intersect. We consider the following
two cases, reflecting those discussed in Proposition [2}

« Case 1: p, + X, < 1. If Proposition [2| holds, then whenever r € [p,, p, + X,,), ball m, remains
available at the arrival of player n. Suppose the proposition fails in this case. Then, for some r €
[pn, pn + Xp), ball m,, is unavailable. Hence, there must exist a player j < n such that if r € [s1,e;),
with [s1, e1) N [pp, pn +%n) # @, ball m, was allocated to j. Thus, in this case Proposition [2]does not
hold and by the definitions of Rf,m"), the set R,S’"") contains two triplets (s, e, j) and (pp, pn + Xn, 1)
such that range [sy, e;) and [py, pn + X,,) overlap.

. Case 2: p, + X, > 1. A similar argument shows that if Proposition [2|fails in this case, there must
exist two elements (sq, e;,n;) and (s», €5, ny) in either R,(lm") or R,(,m”“) where the intervals [s, e;)
and [sy, e5) intersect.

Next, we show that no set R,(,i) (for any n € [N] and i € [k]) can contain two elements whose corre-
sponding intervals overlap. Indeed, Proposition establishes that R,(,i) can only be in one of four specific
forms, none of which allows two elements (s1, e1, n1) and (s, e, n2) with overlapping intervals [s;, e;) and
[s2, €2). Let us define l,(li) = Z(s)e’t)eRip (e —s).

Proposition 4. At the arrival time of each player n € [N] and for each ball i € [k], if the set R,(f) is
non-empty, then upon sorting R,(ll) by the first element of each triplet, one of the following four forms arises:

(i) Ifi = m, and X, + p,, < 1, then for some j € N, R,(li) takes the form
R = = P Sja1 = P+ S ), (Sje1 + 1= I si0a 8 =1
n - (31382: tl):--'a (Sj —Pms]+1 = Ppnt+ Xp, tj): (s]+l + n s Sj+2s t]+1)"'-: (Sq,sq+1 - >tq) >
wheretjig < tjg <--- <tg<th <ty <--- <t ands; < s; <o < Sjpg S Sjyp < v < sg+1 =1L
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(i) Ifi =m, and X, + pp > 1, R(l) takes the form

Ry = {( ), (52,55, 12) -+ (g = PasSgur = 1 "‘q)}’

wheret; <ty <- - <tgands; <s; < +5q=pp < Sgp1 = 1.

(iii) If i = mp, + 1 and X, + p, > 1, then R,(f) takes the form

R(l) {(31 =0,8 = pp+X, — 1,t; = n), (52,53, tz) (53,84, £3), . .5 (Sg» Sq+1 = 1, tq)},

wherety < -+ <ty <tp=nands; =0 <sy <+ <Sgy.

(iv)Ifi=m,+1and X, + p, < 1, orifi € [k] — {my, m, + 1}, then R,(f) takes the form

Rr(ll) = {(sl = 1 - lr(ll)9 329 tl)a (325 s33 t2)9 MR (sqa Sq+1 = 13 tq)}a

wheret1<t2<---<tqand1—l,(1i):s1Sszﬁ---Squ:l.

Proof. We prove the proposition by induction on N, the number of arriving players.
Base case (N = 1). In this scenario, we have p; = 0 and m; = 1, leading to Rgl) = {(0,x,1)}. If
Xn + pn < 1then Ril) takes the first form j = 1, otherwise it is in the second form and all the other sets

Rl(i) are empty. Therefore, the proposition holds for N = 1.
Induction step: Assume that for N = M the proposition holds, i.e., for each i € [k], the set R(i) is

in one of the above forms in Proposition We now prove that R1§/111 is also in one of these forms after

processing the (M + 1)-th player. After the arrival of the (M + 1)-th player, two types of changes may

(i)
occur in RM+1

element in R( 9 is removed from R[(wil if the rental period for the corresponding player ends by time aps.1.

In other words for an element corresponding to a player j satisfying ay < a; +d < apy1, that element is

compared to R( D, existing elements may be removed, or new elements may be added. An

removed from R\? In the following discussion, we examine the two scenarios that can arise depending

M+1°
on whether an element is added or removed from the set R](VII).

B.1.1 SCENARIO 1 (ELEMENT REMOVED)

Suppose an element is removed from Rz(v? upon the arrival of player M + 1. We consider four subcases,

depending on which form Rj(v? takes.

e Subcase-1a: Rz(v? is in the first form. Then we have

R](VII) = {(sl = O; S2, tl)s sy (s] = pn; $j+1 = pn + fcn, t])a (Sj+1 +1- 11(11), $j+2, tj+1)5 ceey (Sq, Sq+l = 1: tq)}

for some values {s;} and {t;} satisfying the conditions of the first form in Proposition [4]

In the set Rz(v?’ the first elements to be removed—based on the arrival times of these players and the
fact that they appear in Rl(v? only for a fixed duration—are those corresponding to players j+ 1 up to g and
1 to j. It is easy to see that the removal of the elements corresponding to players j + 1 up to g leads wa)ﬂ
to remain in the first form. The removal of elements corresponding to players 1 to j causes R](\;)Jrl to have
either the first or second form, depending on the values of x;,,4; and p,41.
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e Subcase-1b: Rﬁ) is in the second form. Then we have

R](\/? = {(s1 82, 11), (82,83, £2), - . ., (Sq = PM: Sq+1 = PM+1,1g) }>

for some values {s;} and {t;} satisfying the conditions of the second form in Proposition [4]

Since t; < t; for all i € [q], (s1, 2, t1) is the oldest element and thus the first to be removed. Conse-
quently, if one element is removed upon the arrival of player M + 1, it must be (sy, s3, t1). A straightforward
check shows that after this removal, R](V?Jrl continues to be in the fourth form. If more than one element is

(&)

M1 will be in the fourth form.

removed, a similar argument implies that R

e Subcase-1c: Rz(v? is in the third form. If an element is removed from Rz(v? upon the arrival of player

M + 1, it must be the oldest element in that set. By an argument analogous to the subcases above, R](\;)Jrl

then transitions to either the first or second form depending on the values of x,,,+1 and py,41.

e Subcase-1d: R](V? is in the fourth form. Here, removing an element from R](V? at the arrival of player

M + 1 causes Rj(vl[ll to remain in the same form.

B.1.2 SCENARIO 2 (ELEMENT IS ADDED)

Suppose a new element corresponding to the decision made for player M + 1 is added to the set R[(\;)Jrl.

Again, we consider the following cases:

e Subcase-2a: Rz(v? in the first form. In this case, we have

Rfvl[) ={(s1=0,82,11),..., (Sj = PM; Sj+1 = PM+1, tj): (Sj+1 +1- lj(\,;),sﬂz, tj+1), s (Sq, Sq+1 = 1, tq)}-

Suppose a new element (s, e, M + 1) is added at the arrival time of the (M + 1)-th player. By the design of
Algorithm we have s = pary1 and e = parq + Xpr41. Thus, this new element is inserted after the element
(), Sjr1 = pm+1, tj). To ensure that Rj(v?ﬂ remains in the proper form (i.e., either in the first or second form),
we must have

e Ssj+1+1_l](\/?'

We now formalize and prove this requirement.

Lemma 3. Consider the case where the set R](V? is in the first form as described above, and suppose that upon
the arrival of player M + 1, a new element (s, e, M + 1) is added with s = ppr+1 and e = pyr41 + Xp41. Then, it
holds that

e < sj+1+1_lz(v?’

(i) _ . . .
wherel,’ = Z(s’e’t)eR](Vi[) (e—s), as previously defined, represents the total sum of the range sizes corresponding

to each element (s, e, t) in R](V?.

Proof. Consider the stage at which the algorithm has completed processing the t,-th player and has added

the element (sq,sq+1 = 1,tg) to Rt(;). By construction, at this point the pointer Pro+1 reaches 1, and the
pointer m;, is advanced. Between the processing of the t,-th and #;-th players, the pointer m, is advanced

k — 1 times until it once again points to ball i, at which point a new element (sy, s, t1) is added to Rt(li) . For
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the pointer m, to be advanced k — 1 times, there must exist a sequence of players from the t,-th to the ¢;-th
such that the following condition holds:

t1—1

Z 5&] + (xtq +ptq - 1) + (1 _ptl) . l{mtlzi—l} =k-1.

J=tg+l
Next, it follows that if
e>sj+1-— lﬁ),

then

M+1
Z X Yajrd>apm) > k,

j=1
which contradicts the constraint in Eq. (1). Therefore, we must have
e<sj+1 —lﬁ).
Thus, we complete the proof of Lemma 3] O

Thus, by Lemma if a new element is added to Rl(éll when Rz(v? is in the first form, no two elements

will have overlapping intervals, and the set remains in either the first or second form. This completes the
argument.

e Subcase-2b: Rj(v? in the second form. Since at the arrival time of player M we have i = m,, if a

new element is added to R](VZJ at the arrival time of player M + 1, it must be that k = 1. In this case,

the newly added element takes the form (pa+1, pay+1 + Xp+1, M + 1). By the same reasoning, if the interval

(pm+1> PM+1+XMm+1] overlaps with any other element in R () this would contradict the constraint specified

M+1°
in Eq. .
e Subcase-2c: R](V? in the third form. In this case, we have
R1(v;) = {(sl =0,s2=pm+xm—11t = M), (52,53, tz), R (sq, Sg+1 =1, tq)}.

Suppose a new element (s, e, t) is added at the arrival time of player M+1. Then, by the design of Algorithm

s=pm+xm—1=pp+1,
e = max{1, py+1 + Xp41}-

Thus, this new element is appended after the element (sy, sy, M). Following the same reasoning as in
Subcase-1a, we must have e < s,, otherwise a contradiction arises with the constraint in Eq. .

e Subcase-2d: Rl(vi[) in the fourth form. Here, we have

R](V? = {(sl =1- lj(v?,sz, t1), (s2,83,12), ..., (Sg»Sq+1 = 1, tq)}.
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Suppose a new element (s, e, t) is added at time M + 1. By the design of Algorithm 2] we have
s =0=pm+1,
e = max{1, py+1 + Xm+1}-
Hence, this new element is inserted before (si, sz, ;). Again, by analogous reasoning to Subcase-1a, we

must have e < s;; otherwise, we reach a contradiction with the constraint in Eq. .

Putting everything together, we complete the proof of Proposition O

Our above proof of Proposition 4| shows that R,(,i) can only take one of four specific forms, none of
which permits two elements (sy, €1, n1) and (sy, e;, nz) with overlapping intervals [s;, e;) and [sy, e3). Thus,
Proposition [2| follows.

B.2 Proof of Theorem/[1

We consider two cases based on the relation between 1 — p,, and %,.

Case I: 1 — p, > %,. In this case, the algorithm assigns ball m, to player n if ball m,, is available and
r € [pn, pn + Xn). Let E,, denote the event that ball m,, is available upon the arrival of the n-th player at
time a,, and let E denote the event r € [py,, p, +X,). Then the probability that ball m, is allocated to player
nis

Pr[E, NE].

Based on the definition of the set R,(,m"), it contains all the ranges that have been used to allocate ball
m,, to previous players, including those whose rental players overlap with player n. Proposition [ ensures
that the range [py,, pn + X,) does not overlap with any other range in R,(lm"). Thus, if the random sample
r € [pn, Pn + Xn), then ball m,, is guaranteed to be available at the arrival of player n. So if E occurs, ball
m,, is available. Consequently,

Pr(E,,, NE]
= Pr[E] - Pr[E,,, | E]
= Pr[E]
= Pr[r € [pn, pn + %n)]
= Xp.

Hence, when %, < 1 — py, player n gets ball m,, with probability %,.

Case II: 1 — p, < x,. In this case, the algorithm first attempts to allocate ball m, if it is available and
if r € [pn, 1]. If this allocation does not occur, it then attempts to allocate ball m, + 1 provided that it is
available and r € [0,%, — 1+ pp). Let E,,,, denote the event that ball m, is available at time a,, and let E;
denote the event r € [py, 1]. Similarly, let E,,, 1 denote the event that ball m, + 1 is available, and let E,
denote the event r € [0,X, — 1 + p,). Then the total probability that a ball is allocated to player n is given
by

Pr[En, N E1] + Pr|Epm, +1 N Ex N (Ep, NE;)’|.

Based on Propositionand the fact that p,, # 0, the set R,(,m") is in the first form and the range [p,, 1] does
not overlap with any previous ranges in R,(lm”). Therefore, if E; occurs, ball m,, is available, and

PI'[Emn N El] = PI’[El] =1 — Pn-
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Similarly, the event E,;, 11 N E; occurs with probability
PI'[Emn+1 NEy] =Pr[Ey] =%, -1 + Pn.
Since the ranges [p,, 1] and [0, %X, — 1 + p,) do not overlap (because x, < 1), we have
PI’[Emn.H N E2 N (Emn N El),]
= Pr|r e (10,2~ 14 p) 0 [0.p))]
= Pr[r ef0,%,—1 +pn)]
=Xp—1+py.
Thus, the total probability that a ball is allocated to player n is
Pr[ball allocated to player n]
= PI’[Emn N El] + Pr Emn+1 NE;, N (Emn N El),
=(1—pn)+ &n—14pp)
= Xn.
Thus, in both cases, each player n gets a ball with the desired probability %,, which proves that Algo-
rithm [2is a lossless online scheme.
B.3 Example: How 1-ocr Works in Algorithm 2]

To illustrate how Algorithm[2]works and demonstrate how it outperforms a rounding procedure that makes
independent decisions at each time step, consider the following instance with k = 2,d = 5, and N = 4. The
target probability values and arrival time of players are given by:

{(al = 1,)%1 = 0.4), ((12 =2, )2'2 = 0.5), ((13 =3, )2'3 = 0.6), (614 =6, .72'4 = 06)}

It can be verified that for each player n € {1,---,4}, the inequality in Eq. (1) is satisfied for the above
instance. Initially, before any player arrives, a random seed r is drawn from the uniform distribution
U (0, 1). This random seed is used throughout the horizon to correlate the algorithm’s decisions.

« When player 1 arrives at time t = 1 with x; = 0.4, Algorithm [2| assigns the first ball to player 1 if
r € [0, 0.4). Thus, player 1 will receive one ball with probability 0.4.

« When player 2 arrives at time ¢t = 2 with X, = 0.5, Algorithm [2| assigns the first ball provided that
r € [0.4,0.9). Thus, player 2 receives the first ball with probability 0.5. Note that if r € [0.4,0.9),
the first ball is guaranteed to be available because it was rented at t = 1 only if r € [0, 0.4). Thus,
player 2 will receive one ball with probability 0.5.

« When player 3 arrives at time ¢ = 3 with %3 = 0.6, Algorithm [2] assigns the first ball if it is available
and r € [0.9, 1], which happens with probability 0.1. If the first ball is not allocated, Algorithm 2]
assigns the second ball if 7 € [0,0.5). Consequently, the total probability of allocating one ball
to player 3 is 0.6.
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Figure 3: Illustration of the online correlated assignment process in Algorithm[2] The number above each
circle represents the probability of the corresponding event occurring. In this example, player 3 receives
the first ball with probability 0.1 and the second ball with probability 0.5. Notably, the assignment of the
second ball to player 3 (with probability 0.5) is correlated with the decisions made for players 1 and 2, as
illustrated by the two blue dashed arrows on the left. For instance, if the realization of the random seed

is r = 0.45, then player 1 is rejected, player 2 receives the first ball, player 3 receives the second ball, and
player 4 is rejected.

« Finally, when player 4 arrives at time ¢t = 6 with X, = 0.6, Algorithm [2| assigns the second ball if
r € [0.5,1], an event that occurs with probability 0.5; assigns the first ball if » € [0,0.1), an event
that occurs with probability 0.1. Note that for the case when r € [0, 0.1), the first ball will be returned
by player 1 at t = 6. Thus, player 4 will receive one ball with probability 0.6.

We can see from the above example that Algorithm [2|always maintains a 1-ocr scheme in that it assigns
one ball to every player n € [N] with probability exactly x,,.

C Proof of Theorem

We use an online primal-dual approach to establish the competitive ratio of Algorithm 3] Consider the
dual LP corresponding to the primal LP in Eq. (2):

min > wptke Y A (9)
ne[N] ne[N]
N
st. u,+ ZAjl{an+d>aj} >ou, Vne|[N], (10)
j=n
An =20, Vne|[N]. (11)

Let ALG(J) represent the expected objective value of Algorithm [3[on an instance 7. Moving forward,
we first propose a feasible solution for the primal problem given in Eq. (2), denoted as {x}-®},c[n]. We
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then show that ALG(J) equals the objective value of the primal LP solution.

In the second step, we design a feasible solution for the dual problem, denoted as {uA-®, A5

which corresponds to the dual linear program, and define the dual objective

DALG _ Z ALG+k Z AALG

ne[N] ne[N|

E[N]a

We then establish that the dual solution {u}", A}*6},,c[n7 is feasible for the dual LP in Eq. (9).
In the final step, we establish that
e < (1)) pic

Umin
— ———
F

After proving these steps, by weak duality we have
ALG(T) = PMC > — - . DM6 2= - OPT(T),
where OPT(J) denotes the objective value of the optimal clairvoyant algorithm on instance 7. Thus, the
1+ ln(%)—competitiveness of Algorithmfollows.

ALG — %, for all

ALG

Step-I: Design of primal solution and ALG(Z) = P*®.  We set the primal variables as x}

n € [N]. Let Al ABG denote the increase in the primal LP objective value resulting from updating x,,-°, and

let A’,\,LG(I) denote the corresponding increase in the expected objective value of Algorlthmlwhen a unit
of resource is allocated to request n. By our update, we have

(n) _ ALG
Apple =0n - X,

Furthermore,

AQLG(I) = vy, - Pr[a unit of resource is allocated to request n]

=0, Xp.

The final equality follows because the 1-ocr rounding scheme allocates a unit to request n with probability
exactly %,. Summing over requests for all n € [N] establishes that ALG(Z) = PAC,

Step-1I: Design of dual solution, {uA'%, 146}, .y}, and feasibility of the dual solution. Let us ini-
tialize all dual variables to zero. For each rental request n, let x,, be the fractional allocation chosen by
Algorithm 3] We then perform the following updates:

Ynt+xn

we=wiser [ s (12)
=7

46 (o (YntFn

u,  =F-%, (Dn ¢( k )), (13)

where v;, = max{j > nla; < a,+d}and F = 1+ln( ”‘“a") To prove the feasibility of the above dual solution,

we must show that the dual constraint in Eq. (10) corresponding to each request n is satisfied; that is,

N

ALG ALG

u, + E Aj 'I[{an+d>aj} > Up.
Jj=n
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For the n-th request, the dual variable u,¢ is updated according to Eq. (13), so that

ALG>F_ An'( - (yn+32'n))
u, " 2F %, (on—¢ .

Next, we aim to prove that

N yn;ffn
DM Nagsasa 2 F- / $(m)dn. (14)
j=n 0

Assuming this inequality holds, we first show that the dual constraint in Eq. is satisfied for each request
n and then get back to the proof of the above inequality. Let us consider the following two cases.

Case 1: gi)(y"T”") < vp,. It can be verified that following from Eq. (3), we have
Xp = maX{O, min{l, k- ¢_1(Un) - yn}}.

Since we have ¢(y,.T+x,.) < vy, then it follows that x,, = 1. Therefore,

Yn+xn

y A
nt Xn k
G Y Tapsanay = P (o= 622w r [ ipan
j=n |

§7 (0n) s
ZF(/ $(n)dn + / ¢('7)d'7)

¢ (vn)
-F. / $(n)dr

2 Up,

where the second inequality follows from the monotonicity of ¢, and the last inequality follows from the
design of ¢ in Theorem

Case 2: gb(%) > v,,. We can lower bound the LHS of Eq. as follows:

Yn+xn

N .
ntXn k
uﬁLG + E A?LG Tayrd>ayy 2 F - xn - (Un - ¢(y k )) tE / ¢(mdn
0

Jj=n

Ynt+xn

>r [F sy

0

45_1(2)”)
>F- / $(n)dn
0

2 Up,

where the second inequality follows from the monotonicity of ¢ and the last inequality is as in Case 1.
Thus, assuming Eq. holds, the dual constraint in Eq. is satisfied for each n € [N], proving the
feasibility of the dual solution {uA-C, A6}

Let us now return to the proof of inequality Eq. (14). Define the set of requests O, as

Op={n<j<Nl|a,+d>aj%x; >0},
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i.e., the set of requests arriving after request n whose rental request intervals overlap with that of request
n. Furthermore, define the set of requests B, as

B,={1<j<n|a;+d>ap%x; >0}

Note that for each request j € B, we have V; € Op,. Then, it follows that:

N
j=n

Jj€O0n
pr
— J
IPIRE
j€O0n me[n]
AALG
o
> ) A
meB,

AALG

where A,] denotes the increase in the value of /1;‘"6 due to the dual update in Eq. performed for
request m. In the above inequalities, the first inequality follows from the definition of the set O,, and the
second inequality follows from the fact that the request v}, is in the set O, for each request m € B,,.

Moving forward, let us sort the requests in By, in increasing order of their arrival times so that

Bn = {nls n29 L) nan|}'
We have:
AALE Bl oy, +3n,
PR DY / $(n)dn
meB, i=1 Y71=Yn;
| Bn | ;=1 fcnj
> F $(n)dn

Here, the first inequality follows from the update for )L’:';G in Eq. for each request m, and the second
inequality holds because, by the definition of the set B,, all requests in B,, arriving prior to request n; have
rental requests overlapping request n;; hence, the variable y,,, is at least ;;i xn; at the arrival of request
n;.

Putting together the results obtained in the above two cases, the inequality in Eq. follows.

Step-III: Proof of DA® < F . PSS, Instead of directly proving the overall inequality D**® < F - PALS, we
show that for each request n:

ADALG < FAPALG
n

= n s

where AI,,)ALG denotes the increase in the dual objective value after updating the dual variables for request n
L

via Egs. (12) and (13), and AEA ® denotes the increase in the primal objective value after updating the primal

LP solution for request n by setting x,'¢ = %,,.

We now consider the following two cases in order to prove the above inequality.
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. Case 1: x,, = 1. In this case, we have

ALG
ALG ALG A *
AD = Ay + kA,

n

Yn+xn

=Py (on - g(2) ok [T

Yyn+l

= (o o(2)) ohr- [ dnan
)

<o of22) ke o)

ALG
=F -0, =FAP"™,

k k

where the first equality follows from the objective value of the dual LP in Eq. (9). The second equality
follows from the dual updates done in Eq. and Eq. (13). In addition, the first inequality follows
from the fact that ¢ is an increasing function.

. Case 2: x,, < 1. In this case, if x,, = 0, then we have AEALG = AI,ZALG = 0. Otherwise, if x,, # 0, then by
Eq. (3) we have

Xn = max{o, min{l, k- ¢_1(Un) - yn}}.

Since X, < 1, we must have

el

It follows that

ALG ALG *
AP = Aum kA,

Here, the inequality follows from the fact that the function ¢ is increasing. Combining the results from
both cases, we obtain

DALG PALG
AP < FAP™,

which completes the proof of the third step and thus the proof for Theorem 2]
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D Proof of Proposition

Following the same proof structure as in [29] for the online selection problem, we can prove the lower
bound 1 + ln(zzj“:‘]—i‘”‘;‘) on the competitiveness of every online algorithm for kRental-Fixed.

We design a set of hard instances for the kRental-Fixed problem similar to [[29]. Let A(k, v) denote a
batch of k identical requests, each with valuation v (with v € [0nin, Umax]). Divide the uncertainty range
[Umin> Umax] into m — 1 sub-ranges of equal length

Au — Umax — Umin
m-—1
Let
V= {Ui}ie[m],

where v; = oyin + (i — 1)A, for i € [m]. Define an instance
I, = Ak,v1) & A(k,v2) & - - - & A(k,v;),

which consists of a sequence of request batches with increasing valuations that arrive consecutively within
an arbitrarily short time interval. (Here, A(k,v;) ® A(k, v;) denotes a batch A(k, v;) immediately followed
by a batch A(k,v;).) In this construction, all requests, including those from the first batch A(k, v;) to the
last request in the final batch A(k,v,,), arrive during the short interval [0, €], where ¢ is a small value
satisfying € < d. This setup guarantees that if a unit is allocated to a request in batch A(k, v;), it cannot
be reallocated to any request arriving afterwards, because the unit will only become available after d time
steps, while subsequent requests arrive within a much shorter time span.

We consider the collection {I,, };c[m] as the set of hard instances for the kRental-Fixed problem. Fol-
lowing the same proof structure as in the proof of Lemma 2.3 in [29]], to obtain the optimal online algorithm
on the set of hard instances {I,, } ;e[ ], one can show that the lower bound 1 +ln(%) holds for the compet-
itiveness of every online algorithm on the set of hard instances {I,, };c[»] and thus prove the lower bound

1+ln(%).

E Impossibility Result for the Existence of a Lossless Rounding in the
Variable Duration Setting

Consider the y-ocr problem introduced in Section 2.1} where each player rents a ball for a fixed duration d
that is identical across all players and independent of their identity. In this setting, the rental period is
uniform and known in advance.

In the following, we study a variant of this problem in which the rental duration is player-dependent
and may vary across players. Specifically, each player requests a rental duration that is revealed only
upon their arrival. Thus, the algorithm receives information about a player’s rental duration in an online
fashion. A more formal definition of the ocr problem under this variable-duration setting is as follows.

Definition 2 (y-ocr-v). Consider a set of k identical balls, each uniquely labeled from the set {1,2,...,k}.
Each ball can be assigned to a player for a variable duration, determined by the player’s requested rental
period, after which the ball becomes available for reassignment. A sequence of N players arrives one by one,
with each player n characterized by a triple (an, Xn, dn), where ay, is the arrival time, X, € [0, 1] is the target
probability with which a ball should be assigned to player n, and d,, is the requested rental duration. For any
y € [0,1], a y-ocr-v algorithm, given the input sequence {(Xp, an, dn)}ne[n1, assigns a ball to each player
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n € [N] with probability at least y%,. Similar to the definition of y-oCr, for any given input instance of
Y-OCR-V, {(Xp, an, dn) }ne[n1, We impose the following condition:

fp <min| Lk— > % Ljapdoan |»  Yne[N]. (15)
je[n-1]

Proof of Theorem 3] We proceed by contradiction. Suppose, for the sake of contradiction, that a (pos-
sibly randomized) online algorithm ALG is lossless for the y-ocRr-v problem; that is, it achieves y = 1 on
every instance. Consider the following instance with inventory of k = 2 balls and:

I= { (a1 =1,x;=05d; =5), (a2 =2x,=05,d, =7), (a3 =5.5x3 = £,d3 = 9),

P, P, P

((14 = 6,X4 = %,d4 = 8), ((15 = 8,X5 = %,ds = 10), ((16 = 14,x6 = g:d6 = 10)}

Py Ps P

The above instance clearly satisfies the constraint in Eq. (15). Let A,(li) (i = 1, 2) be the event that the i-th
ball is allocated to player n by the online algorithm ALG upon processing the player’s request. Likewise,
let Eii) (i = 1, 2) denote the event that the i-th ball is still available at time t.

Next, we prove the following claim:

Lemma 4. For the algorithm ALG to be lossless, we must have:
PIAY N AP] + P[A® nAlY] =0
Proof. We prove the claim by contradiction. Suppose the lemma fails, i.e.,
PIAY n AP ] +P[A®P nAlY] > 0.

Then the probability that at least one of the two balls is still available immediately after the decision for
player 2 satisfies
PIESY UEP ] =1-P[(AY uAl) n (AP uaAl?)]
=1-P[(AY nAP)u @AM nal?)]
=1-P[A"Y nAP] -P[AP nAlY] <1,

where the strict inequality follows from the contradictory assumption.

Next, let us create a new instance 7’ that is identical to 7 for players P; and P, but replaces the remaining
sequence by a single player P; with
(as =3,x3 = 1,d3 = 10).
The feasibility condition is easily verified for 7.
Because the first two players in 7 and 7’ are identical, algorithm ALG follows the same random path on
both instances for the first two players. Thus, at a; = 3 in 7’ we still have ]P’[E;l) U E;Z) ] < 1, meaning that
with probability less than one either of balls are available at arrival of request P;. Yet a lossless algorithm

must allocate a ball to P; with probability x3 = 1, an impossibility. Hence our initial assumption is false,
and the lemma follows. O
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Next, consider the arrival of the third player P; in instance 7, with parameters a3 = 5, x3 = %, and
ds = 9. We prove the following statement.

Lemma 5. For ALG to remain lossless on I, it must hold that

1
PAY n AP ] + P[P naAllV] = -

Proof. First, let us prove that

PIAYY N AP +PIAY n A < = (16)

1
6
The proof is again by contradiction. Assume that the above inequality does not hold.

Consider the instance J’, in which the first three players are identical to those of instance 7, but the
fourth player P; is characterised as (a4 = 7,ds = 10, x4 = %) It can be verified that the feasibility constraint
in Eq. (1) is satisfied for every player. Because the first three arrivals in 7 and 7’ are identical, the online
algorithm ALG behaves the same on both instances up to arrival of P;. Consequently, when P; arrives in

I,
PIEYN UEP ] =1-P[(ALY ua)n (AP ual?))
=1-P[(AY nAP)u Al nal?)y
5
=1-P[AY nAP]—P[AP nAlV] < -
where the last strict inequality is by the contradictory assumption to have P[Agl) nA;z)] +P[Agz) nA;l)] >

%. The allocation of P; does not influence the calculation above, because by a4 = 7 any ball assigned to P;
has already returned to the system. Hence, at the arrival of player P, in 7" the probability that either ball

is still available, P[E;l) U E;z) ], is strictly less than %. Therefore, ALG cannot allocate a ball to P4 with the
required target probability g contradicting the lossless property. Thus we must have

PIAY N AP+ PIAY n A <

| =

Next, let us prove that

1
P4 n A1+ Pl na] 2 -,
after which we can conclude that the sum equals %.

First, we compute the following probability:

PAY UAP) U AP uAaP)] =AY UAP) ]+ PLAMY U AP
~P[(AM uA®P) n Al uaP)]

=x; +x, - P[AY nAP) U (AP n Al
=1-P[(A" N AP)] - P[(A® n A
=1,

where the last equality follows from Lemma [4] By the same reasoning we have

PIAMN UAP) N @AY uaAP)] =o.
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Since P[ASY UAP] = x5 = 2, P[(AY UAP)] = Land P[(AY UAP) U (A UAP)] = 1, we must

have

1
Pl(A]Y UAP) N (A U A =
Combining this with the earlier inequality establishes
P[AYY N AP ] +P[AP nAlV] = -
Thus, the proof is completed. |

Next, consider the arrival of player P, in instance 7, with parameters a4 = 6, x4 = % anddy = 7.

Lemma 6. For ALG to be lossless, after the arrival of player Py we must have
PIAY n AP +P[AP nAaV] =0

Proof. In case the above equality is not satisfied, a request P5 could arrive at time a5 = 10 with target
probability x5 = 1, and ALG would not be lossless since P[Ei;) v Eig)] <1 O

Next, consider the arrival of player Ps at time a5 = 8, with target probability x5 = % and ds = 10. Let
us refer to the time right before the arrival of fifth player as 8™.

Lemma 7. After the arrival of player Ps,

1
PAY N AP +P[AP A > 5

Proof. From the previous two lemmas[5|and[6] we have
Pl(AYY uAP) n (AP ual?)] = % P(AY uAP)n AP ual)] =0
Let us define C;, Cy, and Cs as follows:
¢ = (A2 va?) (4 vaP) )
C, = (A<2) U A(l)) N (A“) U A§2))/,
)

= (AU AD) A (42 A1),

These events are pairwise disjoint and P[C; UC, U C3] =1

Claim 1. P[E) UEY | ¢;] =
Proof. From Lemma 6| we have

PIAY UAP) N (AP ua))] =0,
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thus it follows that P[C; (AP UAL)] = 0and P[C5n (AP UALY)] = 0. Note that we have P[A{” UAV] =
P[Cs] = 1,50 AP UALY = Cy. Next,
C2 = C2 N Cz

= (AP uA) n (AP va) n @A ua?y))

= (AP uaM) N @AP ua)) n (AP uaP)n @Al ual?y)

= (AP uA) n AP ual)) n@EP ual)

= (AP uaP)n @A ualy)

= AP naMyu @Al nal?),
where the third equality uses P[(Aél) U Agz)) N (Aiz) U Ail))] = 0. Based on the above equations, under
the event C,, either Aéz) N A‘(ll) or Aél) N Aiz) occurs, so neither ball 1 nor ball 2 is available. Therefore

PEXMN UEP | Cy] = 0.

This completes the proof. O

Next, we can verify that
PEXMN UEP | Cs] =0,

In fact, C3 = (AN UAP)n (AP uAlY) = (AP NAP)U (AP NAD). Thus, under Cs, either (ALY NA)
or (Aéz) N Ail)) occurs, so neither ball 1 nor ball 2 is available, and P[E‘(ll) U E‘Ez) | C3] = 0.

Since at the arrival of Ps we have };c41 Xi - [{g;4d;2a5) = %, with probability % one of the two balls is
available, and

1
5 =PIEY UEY]

=P[EY UEP | ¢ +PEY UEY | Co] +PIEY UEP | G5
=PELMN UEP | ¢1] = P[],

Thus, we have Eép U Eég) =C.
At the arrival of Ps, if either ball is available, the other ball is already allocated to Ps, since C; =

(Agl) U A;z)) N (Aéz) v Agl))’. Therefore, a lossless ALG must allocate one of the two balls to Ps with
probability %, and

Pl(ALMY APy N (A UAP))

This completes the proof. O
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Now consider the arrival of the sixth player with (ag = 13.5, x5 = g, dg = 10). It can be verified that

PIEN UEP ] =1-PLAMN UADM) n (AP u Al

PLAMY nAP) U (AP nal)]

1_
1
2)

where the last equality follows from Lemma|7} Thus, at the arrival of player P, with probability equal to
% either ball is available, and the algorithm cannot allocate a ball with target probability g losslessly to
player Ps. We thus complete the proof.

F Proof of Theorem

To establish the a-competitiveness of Algorithm [4] we apply the LP-free certificate approach developed
[16]. We define a system of linear constraints that acts as a certificate of @-competitiveness when feasible.
The variables in this system include {{uy, /1r(1i)}n€[ N> 0i}ie[k]- Conceptually, we employ a pricing scheme
inspired by the economic interpretation of the randomized primal-dual framework in [5]. In this setting,
u, denotes the utility of request n, while /1’(11') represents the price of unit i at the time of request n’s arrival.
The variable 0; corresponds to the revenue obtained by the algorithm from selling the i-th unit of the
resource. The constraints are given by:

Z Uy, + Z 0; < a - ALG(I), (17)

ne[N] iclk]
0; + Z Up > Z d, =OPT;,  Viel[k], (18)
nep; nep;

where ALG(I) denotes the expected performance of the algorithm on instance I. For each i, the set P;
consists of the requests to whom the optimal clairvoyant algorithm allocates the i-th unit of the resource,
and OPT; = },,cp, dn. Clearly, if the above constraints hold, then:

k

OPT = > OPT;
i=1
k

Z(Gi + Z un)

i=1 nepb;

Z 01' + Z Up
iek] ne[N]

< a-ALG(D),

IA

IA

where in the derivation above, the first inequality follows from Eq. (17), the second inequality holds because
the sets {P;} are pairwise disjoint, and the final inequality follows from Eq. (18). Hence, if there is a
solution to this linear system, it certifies the a-competitiveness of Algorithm[4] In what follows, we first
describe how to assign values to the system’s variables, and then show that these assignments satisfy all
the inequalities of the system.

Based on the performance of Algorithm[4] we now specify how to assign values to the variables in our
LP-free certificate. Initially, all variables are set to zero. After the arrival of the final request in instance I,
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we update the variables as follows. For each rental request n, let x,, be the fractional allocation variable
determined by Algorithm[5] We then perform the following updates:

Uy, = %d,,;%n, (19)
A;i;) = Aj(.i’*’) + %(ajﬂ - aj)fcn, Vjn<j<vya; <ap+dy,, (20)
AP = A0+ 2 (2dn — (ay; — an) (21)

where v;, = max{j > nla; < a, +d,}. After updating the variables above for all the N requests, let us set
the value of variables 0; = }.,,c[n] /1,(,1") foralli e [k].

Remark 1. The intuition behind the design of the variables in the system is as follows. We implement a
pricing scheme in which the variable u, denotes the utility accrued by request n, and the set of variables /1](.i)
represents the price of unit i at the arrival time of request j. Depending on the fractional allocation x,, which
is allocated from unit i} to request n, the utility u, increases accordingly. Furthermore, we raise the price of
unit i,, at the arrival time of every request j < v, whose request interval overlaps with that of request n. This
price adjustment is intended for any request arriving after request n whose rental duration finishes before that
of request n and who might be rejected because a fraction of unit i;, has already been allocated to request n. In
addition, we also increase the price of unit iy, for request v, which is the last arriving request in the horizon
whose request interval overlaps with that of request n. This adjustment accounts for requests who might arrive
very close to the end of request n’s request interval and whose requests may be rejected because the algorithm
has already allocated a fraction of unit i}, to request n.

First constraint of the system. Based on the construction of the variables detailed above, we now
verify the constraint Eq. (17).

Let AAC denote the increase in the expected objective value of Algorithm [4|after processing request
n. We show that A6 = d,, - %,,. Algorithmﬁrst computes y,(l’), the probabilistic utilization level of item
i, which sums the probabilities that unit i has been allocated to previous requests. Consequently, at the
arrival of request n, resource i is available with probability 1 — y,(ll). Therefore,

AA-C = d, - P[unit i} is available] - P[the unit is allocated]

Xn

1-yy

= dn(1 - ™)
=d,Xp.

Summing over all requests n € [N], ALG(I) = X,,c[n] ANE = 2ine[N] AnXn-
Next, let AR denote the increase in the right-hand side of Eq. after updating the variables of the
system according to Eqs. (19)—(21) for the n-th rental request. It follows directly that

RHS __ A
AP = adyxy,.

Summing these increments for all requests n € [N] gives

Dlunt D 0= Y A= Y @dy g

ne[N] ielk] ne[N| ne[N]

Combining this with our previous result on the expected increase in the objective of the algorithm, we
conclude that the first constraint, Eq. (17), is satisfied.

36



Second set of constraints. The remaining set of constraints are as follows:
0; + Zun >a- Zdn=a~OPTi,
nep; nep;

where the value of 6; can be lower bounded by:

0; = Z /1(1) > Z ZA( )]I{an+d >aj}

ne[N] nebP; j=n

The inequality holds because, for each request n € P;, the set {j € [N] | a, +d, > a;} cannot intersect
with any other request’s set. Otherwise, the optimal offline algorithm would have allocated unit i to two
requests at the same time, which is infeasible. Hence, for the left-hand side of Eq. , we have

N N
0; + Z Uy = Z Z/l]('i)ﬂ{an+dn>aj} + Z Uy > Z (Z AJ('i)]I{an+dn>aj} + u,,).

nepb; nebP; j=n neb; neP; j=n
Thus, it suffices to show that for each request n € P;,

N

Z ()I[{an+d >aj} tu, 2 a- d
j=n

In what follows, we first derive a lower bound on the left-hand side of the above inequality by separately
bounding ZN /1( ) Lap+dy>a;} and uy,. Then, invoking the constraints placed on the price function ¢ in
Theorem [4] we conclude that this bound is at least « - d,,, thus ensuring that Eq. (18) is satisfied.

Let us define
. N .
AS:) = Z A](-I)I[{an+dn>aj}-
Jj=n
Let us further define the set of requests B,(li) by
B,(f):{lsj<n|aj+dj>an,x]>0l—} (22)

In other words, B,(,i) is the set of all requests who arrive before request n, request rental intervals overlap-
ping the interval of request n, and have a non-zero probability of receiving unit i.

Furthermore, define C,(li) - Bfli) by
(1) {] EB(l) |aj+dj <a,+dy }
Next, let the set of requests {c;};e[1] be defined recursively such that
c; = argmin{a; +d,},
ject?

c; = argmin{a; +d;}, 1<I<L

jecy
aj>acl_1
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The request ¢y, € C,(li) is the one for which {j € C,(,i) | aj > ac, } is empty. Using the sequence of requests

{c1}ieq1), we partition C,(li) into L sets:
C={jec?la,, <aj<ay}, Viell].

Furthermore, define the set of values {z;};c[1] by

> 5

jecy
aj<acl

Let A/(\];L denote the increase in Agli) after processing the rental request of request j and updating the

variables anccording to Egs. (19)-(21). From the way we perform the updates, it follows that

N
i
A
~.
m
o

L
a
> Z g(zl - 21—1)(2ch +ac, — acl),

where the first inequality follows from the dual updates in Egs. (20)—(21), the second inequality relies on
the definition of ¢; and C; (under which d; < d., and a; +d; > a, + d., for each j € (), and the last
inequality follows from the definition of the values {z1}1e(1), taking zo = 0.

Define the sequence {z;},c[1) recursively as follows:
z; =z,
2l if (dcm + aCl+1) - (dcl + acl) = ¢(ZZ+1) - ¢(zl)’
z) = ' Vi e [L-1].
¢*(¢(Z;+1) — [(dep, + acry) — (de, + ac,)]), otherwise,
Then, we have the following lemma.

Lemma 8. From the definition of the sequence {z;}ic[1), for eachl € {1,..., L}, we have

de, > ¢(27).

Moreover,
L
a

Z 3 zl -z (qu +ac, — ac, — dcl)

I=1
a
g 1¢(zl) +Z _Z] 1)(dcl +ac1 +dcl C1 _d01)' (23)

1=2
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Proof. We prove the two parts of this lemma separately.
Part-I (Proof of d., > ¢(z))). We show d., > ¢(z]) by induction on L. For the base case L = 1:

’
Z1 =21,

and by the definition of z;, the probabilistic utilization level of item i at the arrival of request c; is at least
z;. Since x., # 0, it follows that

de, 2 $(21) = §(21).

Assume the statement holds for any number of requests in the set {c;};¢[z] up to M — 1. We prove it
for L = M. By the same argument as in the base case, we have

dey = P(2m) = B(2y)-

If zj,_, = zp-1, then by the definition of zj;—;, we immediately get

¢(Z1,VI—1) S dCM—l‘

Otherwise, suppose

(dCM + aCM) - (dCM—l + acM—l) < ¢(Z;VI) - ¢(ZM*1)'

From the definition of z/ we have

M-1
B(2hi-1) = B () = [ (en + ) = (denr, + enr) |-
Since ¢(z),) < d,, and a,,_, < ac,, (by the definition of ¢;), it follows that

¢ ZM 1 [¢(ZM) dCM] [aCM—l - acM] +dCM 1= dCM—l‘

For the remaining inequalities, for each I € {1, ..., M — 2}, the induction hypothesis applies to the set of
values {z1,...,zm-2} U {2),_, }, ensuring that ¢(z;) <d, foralll e {1,...,M -1}

Part-II (Proof of Eq.(23)). We again use induction on L to prove

L

WK

(z1 — z1-1) (ch, +ac, — ac, — dcl)
=

i S o)

=2

—_

For L = 1, the statement is trivial since z; = z{. Assume it holds for all sequences {z;} of length L — 1. We
prove it for L.

From the definition of z; _,, we have z; _, > zy;. Thus, we will have the following two cases:

Case 1: z; _, > zp-1. By the induction hypothesis, for the sequence {zy,...,z1-2} U {z]_,}, we have

L-2

a a
Z g(zl - z_1) (2d01 +ac, — acl) + 3 (27, — z1-2) (ZdCL_l +de, | — e, — dcl)
=1
L-1

zldcl + Z - zl 1)(2dc1 + e, — A, — dcl).

1=2
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Next, we add the term %(22_1 - zL_z) (ZdCL_1 +ae , — an) to both sides of above inequality.

L-2

a a
Z g(zl —2zi-1) (chl +ac, — acl) + E(Z’L_1 —z1-3) (chl +ac, — Gc, — dc1)+
=1

a

g(zL - Z,L—l) (chl +ac — e — dCl)
u L

>3z 1-de, + Z(Z; —-z;_,) - (2de, + ac, — ac, —de,) .
=2

Next, we will upper-bound the left-hand-size of the above inequality as follows:

L-2

a a
Z E(Zl - z,_l)(zdcl +ac, — ac, — dcl) + E(Z,L_l - zL_g)(chh1 +ae_, —ac, — dc1)+
I=1

a ’
§(ZL - zL_l)(ZdCL +ae, —ae, — dcl))

L-2
a a
< E(zl - Zl—l)(chl + e, — A, — dcl) + E(ZL—l - zL_z)(ZdCL_1 +a¢, , — e, — dc1)+
I=1
a
g(zL —z1-1) (chL +ae, —ae, — dcl))

0(
§ Zl —Z]-1 (chl + Ac; — ¢y — dc1)3

Mr«

I=1

where the inequality follows since (chL_l +ac, , — Q¢ — dcl) < (chL +ac, — Gc, — dcl). Thus in this case
the inequality in Eq. follows.
Case 2: z; _, = z;-1. In this scenario, the inequality follows by the same reasoning as previous steps.

This completes the proof of Eq. (23). Thus, we complete the proof of the lemma. O

Returning to the point where we left off, we have:

L
(J) a
Z AA(,.) ZZE Z] — Z]-1 dc1+acl+dcl cl—dcl)
@ " =1

jeCn
arl L
e 3 z14(z}) + Z(z; — 2z )(de, + G, +de, — ac, — dq)]
) =2
ar L
> 3 |AdED + )~ 7 26() - 4(2)
) =2
o IR ORI

20 , ., ,0 a,,, , 7L 2a
= 2 - S+ [ S otman

where the second and third inequalities follow from Lemma |8} and the fourth inequality holds because ¢
is an increasing function.
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Next, we upper-bound Zje BI\CW A/(\]g) as follows:

. a 2%
Z A/(\J(Z) > Ed,, max{O, y,(ll") — z’L}
jeBe "
The above inequality holds because, for each request j in B,(p \ C,(f), we have a; + d; > a, + d, by the
definitions of B\’ and C. Then, from Eqs. (20)-(Z1), for each such j, AE\J;) is at least §d,X;. Furthermore,

Z x> max{O, y,(li") - z'L}
jeBncs)
We move on to lower-bound the term u,. From the update rule in Eq. (19), for each request n we have:

a ..
gdnxn

%dn max{O, ¢*(dn) — y,(,i:’) },

v

Un

v

where the second inequality follows from the way Algorithm [4]sets the value of %, in Eq. (6).
Combining bounds obtained for the LHS of Eq. (18), we obtain

N
i a * iy j
U, + Z)L]( )]I{an+dn>aj} > gdn max{O,qS (dn) - y,(ll )} + Z AV

Jj=n jeBﬁ,i)

a . (i) () ()
= Ed” max{O,qﬁ (dn) - UYn }+ Z AA]“) + Z A/\jﬁf')

. n R .
jecy! jeBihcy!

v

a * iy 20 ’ ’ a , ’
Edn max{o,gb (dn) - y:(: )} + ?2191’(21) - EZL¢(ZI)
L 2a a @)
+ —d(n)dn + —d, max{O, Yy, - ZL}
2 3 3

20 , ., a, ., ., 7L 20
= Zag) - Saaplet) + [ Botnan
+ gdn max{O, y,(,i:’) - zi} + %dn max{O, ¢*(dn) - y,(,i;)}.
20 ,,,,. a,,,, 7L 2a
= ?2195(21) - gzL(/)(Zl) +/ ?ﬁb(ﬂ)dﬂ
a 1
+ §d" max{O, ¢*(dn) — z'L}

Z dm

where the last inequality follows from the lemma given below. Consequently, we conclude that the second
set of constraints in Eq. is satisfied by the design of system variables in Egs. (19)-(21). Therefore, if
the increasing pricing function ¢ satisfies the system of constraints in Theorem[4] it establishes
the a-competitiveness of Algorithm [4} Thus, to complete the proof of Theorem[4] it suffices to
prove the following lemma.
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Lemma 9. If the § function satisfy the constraints in Egs. (7), then

200 - S + [ S pman+ Sdymax{o.g () - 2] > dn
1 Vdy € [diin, dmax], 21 € (0,27 ], 21 € (0, 9" (dmin) ]
Proof. Let us denote the left-hand side of the above inequality by
L(z1, 21, dn),

which is a function of 2], z}, and d,. We are going to prove that

’

L(zy, 27, dy) > min{ﬁ(%,zi,dn), L(z], zi,dn)}.

Step 1: Find the critical point in the interior. Fix z; and d, and differentiate L with respect to z]. A
straightforward calculation shows

853_g

z; 3

¢'(z;)(221 - z'L)

Since ¢’(z]) # 0, setting this derivative to zero forces

A direct substitution z] = %L simplifies the first two terms and yields

z; L 2a a . ,
Q(EL,ZL,dn) :/ SO0 dn + Zdy max{0, ¢* (d,) ~ 2, ).

/2 3

Step 2: Evaluate £ on the boundary plane where z{ = z;. When 2] = z], the integral term vanishes. One
obtains

’ ’ a ’ ’ a * ’
R(z},z;,dy) = gngb(zL) + Ed” max{0,$*(dn) — 2z, }.
This can be written as
04 * a ’ _ ’
R RCOREACRTIER)

for values of z; < ¢*(dy).

Step 3: Evaluate & on the boundary plane where z] converges to zero. It can be verified that £(z], 2}, d,)
is lower-bounded by L(z’L/Z, z’L, dy), as z] converges to zero, as follows:

’
L 2a

20,2}, dy) :/ 2% 5(n)dn + < d, max
o 3 3

——

* ’ a ’ ’
0.4 (dn) - ZL} - §ZL¢(21)
o 2a a ¢ ’ ’ ’
Z / ?gb(ﬂ)dﬂ + Edn max{oa ¢ (dl’l) - ZL} = L(ZL/25 ZL> dn)’
zp /2

where the inequality follows from the fact that ¢ function is increasing.
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Putting together the above results, in the above three steps, since a continuous function on a closed
interval attains its minimum either at a critical point or on the boundary, for each fixed z; and d, we have

’

(2}, 2;,dp) = min{ﬂ(%,z'L, d,,), L(z;, 2], dn)}

- min{gdngﬁ*(dn) - 3a (D),

7L 2a o . ,
/ 22 4y + Edy max{0, ¢ (dy) — 2,)
Zi/z 3 3

> dp,

where the last inequality follows from the constraints in Egs. (7). This completes the proof. O

G Proof of Order-Optimality of Algorithm 4]

In the following corollary, we present an analytical design of ¢ that satisfies the system of constraints in
Theorem[4] Although this design is not the optimal design that satisfies the set of constraints in Theorem([4]
it is sufficient to obtain the order optimality of Algorithm [4]

Corollary 1. DOP-(-VARIABLE is 3 - (1 +In (‘fl‘“‘”‘

))—competitive for the kRental-Variable problem if the pricing

min

function ¢ is designed as:

o (y) = dmin - exp([l +In(dmax)] “y - 1), Vy € [0,1].

dmin

Proof. We now prove that for the given design of the ¢ function, the constraints in Theorem[4(see Egs. (7))
are satisfied when

a:3-(1+ln@).

drnin

Proof for the first inequality of Eq. (7). The left-hand side of Eq. (7) can be lower-bounded as follows:

/HZy1 Zgaqﬁ(n)dn + %dn(¢*(dn) - 2y1)

=1y

=0

¢ (dn)
> [ Sswan
n

=0

> /ﬂ N Spndn + S (4" (dn) - 201)

Zdns

where the first and second inequality follows because ¢ is an increasing function. The final inequality is a
consequence of the specific design of the ¢ function stated in the corollary.
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Proof for the second inequality of Eq. (7). The left-hand side of the second inequality of Eq. (7) can be
lower-bounded as:

S (dn) = 2 (s~ (30
=S20(w2) + 5 (4" () — vo)
¢ (dn) 4
- d
= [ e
>d,

where the equality is obtained by rearranging the terms. The first inequality follows from the increasing
nature of ¢ and the corresponding definitions of y, and ¢*(d,). The final inequality is ensured by the
design of the ¢ function provided in the corollary.

Since the proposed design for the ¢ function satisfies both sets of constraints, it follows that Algo-

rithm obtains the competitive ratio of 3 - ( 1+In %) for the given design in the corollary. O

Next, we prove the following lower bound on the competitiveness of any online algorithm for the
kRental-Variable problem.

Proposition 5 (Lower Bound of kRental-Variable). Under Assumption[3 no online algorithm, deterministic

or randomized, can obtain a competitive ratio better than 1 + In (‘;m‘"_"‘) for the kRental-Variable problem.

Proof. Following the same proof structure as in [29] for the online selection problem, we can prove the
lower bound 1+1n( Z‘“‘_"‘ ) on the competitiveness of every online algorithm for the kRental-Variable problem.

Based on Corollary 1| we can then claim that Algorithm [4]is order-optimal.

We design a set of hard instances for the kRental-Variable problem similar to [29]. Let A(k, d) denote
a batch of k identical requests, each with a rental duration request d (with d € [dyin, @max]). Divide the
uncertainty range [dmin, dmax] into m — 1 sub-ranges of equal length

dmax - dmin

A; =
d m-—1

Let O := {d;}ie[m], Where d; = dmin + (i — 1)A4 for i € [m]. Define an instance
Iy, = Ak, dy) ® Ak, dp) ® - - - ® A(k, d;),

which consists of a sequence of request batches with increasing rental duration requests, arriving in an
arbitrarily short interval one after the other (here, A(k, d;) ® A(k,d;) denotes a batch A(k, d;) followed
by a batch A(k,d;)). In this construction, all requests—from the first batch with valuation d; to the last
batch with valuation d,,,—arrive within a short time interval [0, €], where € is a small constant satisfying
€< dmin-

We consider the collection {Iy, }ic[m] as a family of hard instances for the kRental-Variable problem.
Using the same proof structure as those of [29], we derive the optimal competitive ratio that any online
algorithm can achieve on these hard instances. Consequently, we establish the lower bound 1 + ln(%)
for the competitive ratio of every online algorithm in this setting. O

By the above lower bound result and Corollary[1] we argue that DOP-@-VARIABLE is order-optimal.
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H Numerical Computation of ¢ Satisfying Constraints in Theorem [4

To numerically obtain a ¢ function that satisfies the constraints in Theorem [4 with lowest value of &, we
discretize the interval [0, 1] using a parameter € € (0, 1), allowing the function ¢ to change only at the
points {e - i}l[i{d
By doing so, we transform the continuous constraints of Theorem[4into a finite system of constraints,
leading to an optimizatior(lel))rﬁl;l:]zm with a finite number of variables and constraints. The optimal solution
Yot

for the set of variables {7, in the following discretized LP provides the desired price function design

¢; specifically, the values of ¢ at the points {e - i} l.[:l{d are defined according to the solution {7[1.(6) }Ll{d

Proposition 6. For any given € € (0, 1), DOP-P-VARIABLE is a*-competitive for the kRental-Variable problem
if the pricing function ¢ is designed as

$(y) =7, vyelo1],

rer
where the set of prices {ni(e)}l.r:l{e] and the competitive ratio parameter a* are the optimal solution to the
following L
=  min «a (24a)
a {m
st a9 <al), vieliz.. -1} (24b)
nl(e) = dmin, (24c¢)
72 @)
2L 2a a
Z ?(n;f)l)e + 3 (e l=2e-(i+ 1)) 7'[1(_61 > ﬂ'l(e),
j=i
Vi e {1 L%J} (24e)
a a _
3 ﬁl(fiel - g(”l(E) - ﬂi(fl)) e-(i+1) > 7'[1(6),

Vie{t,... 1} (24f)
Proof. We need to prove that for each d,, € [dmin, dmax], for all
$*(dn) ]
2

y; € [0, and y; € [O,gb*(dn)],

the following constraints for ¢ are satisfied:

20 2 o .
L S omans Sanlg ) -2m) 2 @)

" (dn) = Sy (dn = (1)) > . (26)

where ¢*(d,,) = sup{x € [0,1] | p(x) < dn}.

INote that this LP can be solved by standard LP solvers. In addition, it is worth noting that the number of variables in the LP
grows on the order of [1/¢], while the number of constraints increases on the order of ([1/€])2. Standard techniques such as the
interior point method can be employed to solve this optimization problem efficiently.

45



For any value of d, € [dmin, dmax], following the design of the ¢ function, whose value changes only
at the points

{e, 2€¢,..., |'%'| -e},

we have ¢*(d,) = € - m for some m € {1, 2,..., f%]} because of the constraints in Eq. and Eq. (24d).

Thus, for any y; < w = &7, the left-hand side of the constraint in Eq. can be lower-bounded
as follows:

/H 2+ S (¢ (d) — 2

-y 3
=/;Z %aqﬁ(n)dn + gdn(e -m— 2y1)

2[4 e
> >0 Z{ple ) -dle G- 1))er le- m-n)(e-m-ze- (1L 41))
j=l 2 e
:::2?0((¢(6 J)—¢l(e (]—1)))6+%¢(6'(m—1))(6 m—2¢e (1+1))
>¢(e-m) > d,,

where i = |_ - |. The second inequality follows from some simple algebra, the third inequality follows from
the constramt in Eq. (24¢) (since i < %), and the last inequality follows from the definition of ¢* and m.

Thus, the first constraint in Eq. is satisfied for every d;, € [dmin, dmax] and every y; € [0, W]

Next, let us prove the second inequality in Eq. (7). The LHS of that constraint can be lower-bounded
as follows:

S (dn) = Sz (dn = 9(32)
Sg(e- (m-1)e-m—Ze- (LZ]+1)(g(c-m) - 9(1L))

- gqs(e-(m—l))e-m— %e-(i+1)(¢(e-m) —¢((i+1)-e))
> @(e-m) > dy,

where i = L%J, the first inequality follows from simple algebra, the second inequality follows from the
constraint in Eq. (since y; € [0,¢"(dy,)], thus i < m), and the final inequality follows from the
definition of the ¢ function. Thus, the constraint in Eq. is satisfied for every d,, € [dmin, dmax] and for

every ys € [0, ng*(d,,)] We thus complete the proof. O

I Fractional kRental-Variable Problem

In this section, we study the kRental-Variable problem in the fractional setting, where the decision maker
can allocate a fractional portion of each unit of resource to a request. We will compete against the optimal
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clairvoyant algorithm, whose objective value OPT(I) can be computed as follows:

mfx Z dy - xp, (27)
ne[N]

st > X5 Udprapan) <k Vne[N], (28)
jeln]
x, € [0,1], Vne|[N]. (29)

We present DOP-$-VARIABLE-FRACTIONAL in Algorithm 5| which also adopts a utility-maximizing rule
similar to Algorithm [3|to produce fractional allocations; the key difference is that the decision for each
request now depends on the total utilization level of the entire item inventory, rather than on the state of
a single unit.

Algorithm 5: Duration Oblivious Price-based Algorithm for Fractional kRental-Variable (pop-
(-VARIABLE-FRACTIONAL)

1 Input: Pricing function ¢ : [0, 1] — [dmin, dmax]
while a new request n arrives do

2
3 Observe the request’s duration request, dy,.
4 Compute utilization level of the inventory at the arrival of request n, where
n—1
Yn = Z)%j ']I{aj+dj>an} (30)
j=1
5 Compute the fractional allocation %, as follows
(yn+x)/k
Xp = arg max x-d,—k / d(n)dn ;. (31)
xX€ [O,min{l,k—yn}] n=yn/k
6 Allocate the partial allocation %, to request n.
7 end

Proposition 7. DOP-¢-VARIABLE-FRACTIONAL is c-competitive for the fractional kRental-Variable problem,
provided that the price function ¢ is increasing and is designed to satisfy the following inequalities (parame-
terized by a) for all d,, € [dmin, dmax] andn € [N]:

Zyl a "
[ agmans S, (6@ -2) 2 dn var e o 252 (32)
Y

=y

S () = 5 (= () 2 o V€ [0, 67 ()] (33)

where ¢*(dn) = sup,co1){¢(x) < dn}.

The proof of the above proposition is given in the following. As with Theorem [4] obtaining a closed-
form expression for the pricing function ¢ that minimizes & while satisfying the constraints in the above
proposition is challenging, as it requires solving a system of delayed differential inequalities involving an
inverse term. Therefore, we adopt the same numerical approach used to construct a valid pricing function

¢ in Proposition[6] Specifically, we discretize the interval [0, 1] using a parameter € € (0, 1), allowing ¢ to

[1/€]

change only at the points {€-i},_;" . Using this discretization, we obtain a pricing function ¢ that satisfies
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the constraints of Proposition[7] The competitive ratio of Algorithm 5|using this numerically constructed
pricing function as input is shown in Figure

Proof of Proposition[7] The proof structure is similar to the proof of Theorem[4 Specifically, we still
adopt an online primal-dual approach to establish the competitive ratio of Algorithm 5} Consider the dual
LP corresponding to the primal LP in Eq. (5):

n}iun Z u, +k- Z Ans (34)

nE[N] ne[N|
st up+ ZA,- Taprdp>ay} = dns  Vn € [N], (35)
j=n

An >0, Vne|[N].

Let ALG(J) = X ,,c[N] dn - Xn represent the expected objective value of Algorithm on an instance 7.

In the first step, we design a feasible solution for the dual problem, denoted as {up, A, }ne[n], Which
corresponds to the dual linear program, and define the dual objective

D= Zun+k Z)L

ne[N] ne[N]

We first establish that for the designed dual solution we have D = a-ALG(Z) for every instance 7 of the
problem. We then establish that the dual vector {up, A, }ne[n] is feasible for the dual LP in Eq. (34). Thus,
the a-competitiveness of Algorithm [5 follows. Let us initialize all dual variables to zero. For each rental
request n, let X, be the fractional allocation determined by Algorithm |5 We then perform the following
updates:

Uy = g (dn = ¢ ((Yn + %n) /K)) s (36)
£

a
/1j<—}tj+5(aj+1—aj) - Vjn<j<vya; <ap+dy,, (37)

(38)

/11/,’; — Av,*, + g (dn - (av,’; —ap) + ¢((yn +£n)/k)) %,

where v, =max{j > n:a; < a,+d,}.
Next, let AL denote the increase in the dual solution objective value (Eq. (34)) after updating the
variables of the system according to Egs. (36)—(6) for the n-th rental request. It follows directly that

Af = ad,x,.

Summing over all requests n € [N], we have a - ALG(J) = a - X,e(n)dn - Xn = a - D.
Feasibility of the dual constraints in Eq. (35). For each request n in instance 7, we show that

N
ZAj : ]I{an+dn>aj} +up 2 dy.

Jj=n

Let us define

N
An = ZA] . H{an+dn>aj}-
Jj=n
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Let us further define the set of requests B,, by
B,={1<j<n|a;+d;> an%; > 0}. (39)

In other words, By, is the set of all requests who arrive before request n, request rental intervals overlapping
the interval of request n, and have a non-zero probability of receiving unit i.

Furthermore, define C,, € B, by
Co={j€Bnlaj+d; <ay+dy}.
Next, let the set of requests {c;};c[1] be defined recursively such that

c; = argmin{a; +d,},
Jj€Cn
¢; = argmin{a; +d,}, 1<I<L.
Jj€Cn
aj>acl_1

The request ¢; € C, is the one for which {j € C, | a; > ac, } is empty. Using the sequence of requests
{c1}1e[L), we partition C, into L sets:

C = {j €Cplag, <a; < acl}, Vi e [L].
Furthermore, define the set of values {z;},c[1] by

a= ) k.

J€Cn
aj<acl

Let A(] ) denote the increase in A after processing the rental request of request j and updating the
variables accordlng to Egs. (37 ). From the way we perform the updates, it follows that

Z A(’) Z Z @ % ( (yj+32j)/k)+aj+dj—an)
jeCn I=1 jeC
L
> ),

I=1

| R

Xj a [
? aj+dj—an)+5‘/ ¢(T7)di]
0

j€

-~
O

X

a [
? (acl +dcl - an) + EA ¢(’7) d’7

~.

M=

0| R

N
i
KR
~.
m
o

L 2
2 35 ) (e =)+ [ o an (40

where the first inequality follows from the dual updates in Eqs. (37)-(38), the second inequality follows
from rearranging the terms and the fact that ¢ function is increasing. The third inequality relies on the
definition of ¢; and C; (under which d; < d;, and aj+d; > a., +d., for each j € C;), and the last inequality
follows from the definition of the values {z;};¢(1), taking zo = 0.

Define the sequence {z;}c[1) recursively as follows:
Zi =ZL,
Zl, if (dclﬂ + acl+1) - (dcl + acl) 2 ¢(Z;+1) - ¢(Zl),

=3 vie[L-1].
ng*(gb(z;H) - [(de +ac,,) — (de, + acl)]), otherwise,

49



Lemma 10. From the definition of the sequence {z;}c[1), for eachl € {1,..., L}, we have

de, > §(27).

Moreover,

Q

L
ZE Z] — Z]-1 (dcl+acl - ac, —dcl)

I=1
(24
E 1¢(Z1) + Z Zl 1 acl + dcl Acy — dc1)‘ (41)

Proof. Again, we prove the two parts of the lemma separately.
Part-I (Proof of d;, > ¢(z))). We show d;, > $(z ) by induction on L. For the base case L = 1:

’ f—
2] = 21,

and by the definition of z;, the probabilistic utilization level of item i at the arrival of request c; is at least
z;. Since x., # 0, it follows that

de, 2 $(21) = §(21).

Assume the statement holds for any number of requests in the set {c;};¢[z] up to M — 1. We prove it
for L = M. By the same argument as in the base case, we have

dey = P(zm) = ¢ (2)y)-
If z},_, = zm-1, then by the definition of zj;—;, we immediately get
P(2hy_y) < depr -
Otherwise, suppose
(deys + Gepy) = (denry + eny) < G (2h1) — P (2m—1)-

From the definition of Z/ we have

M-1°

B(2h-1) = 8 (2he) = | (dews + @en) = (denry + )|
Since ¢(z),) < d,, and a,,_, < ac,, (by the definition of ¢;), it follows that

¢(Z;VI—1) B [¢(Z;v1) - dCM] + [aCM—l - aCM] +dCM 1= dCM—l‘

For the remaining inequalities, for each [ € {1,..., M — 2}, the induction hypothesis applies to the set of
values {z1,...,zm-2} U {2),_, }, ensuring that ¢(z;) <d, foralll € {1,...,M - 1}.

Part-II (Proof of (41)). We again use induction on L to prove

L
Z_ Z] — 2] (dcl+acl — A, _dcl)
=1

Z(2) +Z 7 =2, (e + ey — e, — de,).

NSQ

l\7IS>
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For L = 1, the statement is trivial since z; = z]. Assume it holds for all sequences {z;} of length L — 1. We
prove it for L.

From the definition of z; _., we have z; . > z;_;. Thus, we will have the following two cases:

L-1° L-1=
Case 1: z; _, > zy 1. By the induction hypothesis, for the sequence {zy,...,zr2} U {z]_,}, we have

L-2

Z %(Zl - Zl—l) (dcl +ace — acl) + %(Z’L—l - ZL—Z) (dCL—1 +ac,_, —ac, — dcl)

=1

zldCl + Z zl 1 (dcl +ae, — ace, — dcl).

Next, we add the term (2] _, — z1-2)(dc,_, + dc,_, — an) to both sides of above inequality.

L2
a a
Z E(ZI - 21—1)(dc1 +ac, — acl) + 5(22—1 - z1-3) (dc, +ac, — ac, — dc1)+

=1

[04
E(ZL - Zi—l)(dcl +ac, —dc, — dcl)

\%

L

a

7 Zy - de, + Z(z; —2z;_ ) (de, + ac, — ac, — de,) .
1=2

Next, we will upper-bound the left-hand-size of the above inequality as follows:

L-2
[24

Z %(zl - Zl—l)(dcl +ae, —ac, — dcl) + 5

%(ZL — z'L_l) (ch +ac, — ae, — dcl))

’
(ZL—l - zL—Z) (dCL—1 +dac_; — Qe — d01)+

a a
< E(Zl - Zl—1) (dcl + e, — A, — dcl) + E(ZL_l - zL_z)(ch_1 +ae, , — e, — dcl)+

SQ

E(ZL - zr-1) (ch +de, — A, — dcl))

Mh

E Zl —Z]-1 (dcl +dc¢, — Q¢ — dcl),
I=1
where the inequality follows since (ch_l +ae , — Q¢ — dcl) < (ch + e — ¢, — dcl). Thus in this case the
inequality in Eq. (41) follows.
Case 2: z; _, = z;—1. In this scenario, the inequality follows by the same reasoning as previous steps.
This completes the proof of (41). m
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Returning to the point where we left off, we have:

Z A((z) Z% 2= z11) (a¢, +de, = Cl_dcl)+%‘/’70 $(n)dn

jec® A =1 =
>3z¢(z)+z — 2 )(ag +d —d)]+3/21¢(;7)d;7
) 1 1 - 1 (9] c; — Qe c1 2 =0
> & z219(z] )+Z -z ) (¢(z) —¢(z'))] + g‘/ /Lgb(ry)dn
~ 2l 1 1 - 1 ) 1 2 =0
2 glsoc+ [ ww-scin]+5 [ oma

> agl@) - S0 + [ apman

2

where the second and third inequalities follow from Lemma([10] and the fourth inequality holds because ¢
is an increasing function.

Next, we lower-bound X’ ;¢ \c, A/(\Jn) as follows:

Z A(])> d max{O Yp— 2 }
j€BL\Cn

The above inequality holds because, for each request j in B,\C,, we have a;+d; > a,+d, by the definitions
of B, and C,,. Then, from Egs. (37)-(38), for each such j, A/(\Jn) is at least §d,x;. Furthermore,

Z x> max{O, Un —zi}.

J€BR\Cn

We proceed to lower-bound the term u,. From the update rule in Eq. (36), for each request n we have:
a . .
> E(dn - ¢(yn + xn/k))xn

Combining bounds obtained for the LHS of dual constraint in Eq. (35), we obtain

N
un"'zijﬂ{a,ﬁd,pa] = (d _¢((yn +xn)/k Xn+ ZAU)

j=n j€B,
(d —¢((yn+xn)/k Xp + Z A(J)+ Z A(])
jeCn j€Bn\Cn
a ’ ’ Zi a ’
E(d = P(2))%n + azip(z]) — ngb(zl) + / ap(n)dn+ Ed,, maX{O, Z - ZL}

> agle) - 5 + [ apdn+ Gdy maxo, ¢'(d) - 21}

2 dl’l’
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where the last inequality follows from the lemma given below. Consequently, we conclude that the set of
dual constraints in Eq. is satisfied for each request n given the design of dual constraints in Eqgs. (36)-
(38). Therefore, if the increasing pricing function ¢ satisfies the system of constraints in Propo-
sition [7] it establishes the a-competitiveness of Algorithm [5, Thus, we complete the proof of
Proposition [7|if the following lemma follows.

Lemma 11. If the ¢ function satisfy the constraints in Egs. (32)-(33) then

’ ’ o ’ ’ Zi o * ’
asif(a1) - S8+ [ apdn+ Sy mar{o.g'(d) - 1) > do

1

Vd, € [dmin, dmax] Zi € (0: Z,L] > Zi € (0> ¢* (dmin)] .
Proof. Let us denote the left-hand side of the above inequality by
L(z1, 21, dn),

which is a function of 2], z}, and d,. We are going to prove that

’

(2,2, dy) > min{ﬁ(%,zi, da). £Gp2dn),

for all values of z] € (0, zi]

Step 1: Find the critical point in the interior. Fix z; and d, and differentiate L with respect to z]. A
straightforward calculation shows

oL
oz

o ’ ’
= S (221 - 21
1

Since ¢’(z]) # 0, setting this derivative to zero forces

A direct substitution z] = %L simplifies the first two terms and yields
Zi ’ ZEI a * ’
2(?, zy, dn) = / a-¢(n)dn + Edn max{0, ¢*(dp) — 21 }.
Z/

1/2

Step 2: Evaluate £ on the boundary plane where 2| = z;. When z] = z}, the integral term vanishes. One
obtains

’ ’ 44 ’ ’ ¢4 * ’
R(z;,2z;,dy) = EZLng(ZL) + Ed" max{0, ¢ (d,) — z; }.
This can be written as
a * _ g ’ _ ’
=" (dn) = 521 (dn = 921

for values of z; < ¢*(dy).
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Step 3: Evaluate & on the boundary plane where z] converges to zero. It can be verified that £(z], 2}, d,)
is lower-bounded by L(z] /2,2, dy), as 2] converges to zero, as follows:

L2(0,2;,dy) = /0 " d(n)dn + gdn max{O, ¢*(dn) — zi} - %z’LqS(z;)

> / "o p(n)dn+ %dn max{o, 6" (dn) - z'L} = L(2, /2.2, dy),

1/2

where the inequality follows from the fact that ¢ function is increasing.

Putting together the above results, in the above three steps, since a continuous function on a closed
interval attains its minimum either at a critical point or on the boundary, for each fixed z; and d, we have

22,2, dy) > min{ﬂ(%,z'L, da). 202,74, dn)}
= min{gdndf‘(dn) - %z’L(dn - ¢(Z’L)),

/iLa'¢0ﬁdn+%dnHmXﬂL¢Wd0-4}}

1/2

> dy,

where the last inequality follows from the constraints in Eq. and Eq. (33). This completes the proof of
the lemma. ]

J Connection to the Results of [[6]

In the following, building on the techniques from [[6], we reproduce their result for the fractional version
of the kRental-Variable problem using our pseudo-utility maximization approach. We focus on a special
case in which rental durations are restricted to integer values and requests arrive at discrete time steps.
Accordingly, for each request n, we define its rental period as 7, := {ap, an+1,. .., ap+d,—1}. Furthermore,
we make the following assumption where:

Assumption 3. The rental duration of each requestn, d,, is integral and bounded, i.e.,d, € {1,2,...,dmax}, Vn €
[N].

In their work, they consider a parametrized pricing function in the following form

$(y) = n(pt — 1),y € [0,k], (42)

where n > 0 and 8 > e are two parameters to be determined.

We propose Algorithm [6] below, which is also referred to as online forward looking price-based algo-
rithm, FLP-¢-VARIABLE.
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Algorithm 6: FLP-¢-VARIABLE for Fractional kRental-Variable

[y

Input: Pricing function ¢(-)

2 Initialization: Set utilization ylgo) =0 for all t.

3 while item n arrives do

4 Observe item n’s request (a,, dy).

5 Determine x, by solving the pseudo-utility maximization problem:

(n-1)
yt +x
Xp =argmax<x-d, — (w)duy. (43)
& (n-1)
Yr

XG[O,I] te T,

6 Update the utilization profile:

n) _ yt("_l) +%, ifted,,
‘ t("_l) otherwise.

7 end

Similar to Algorithm [4] FLP-¢-VARIABLE employs a pricing function ¢ to determine the fractional allo-
cation X, for each arriving request n. However, it is important to highlight two key differences between

Algorithm [6]and Algorithm

+ Duration-dependent vs Duration-oblivious. It is evident that the pseudo-utility maximization
problem in Eq. accounts for the item’s utilization over the entire duration 7, of request n. Con-
sequently, the pseudo-cost is explicitly duration-dependent. This is in sharp contrast to the duration-
oblivious nature of Algorithm {4} introduced in Section [4| for the kRental-Variable problem, which
considers only the item’s utilization at the arrival time of each request n.

+ Different design principles to ensure feasibility. In FLP-¢-VARIABLE, the online decision is solely
determined by the pseudo-utility maximization problem, with no additional mechanism to explicitly
enforce capacity constraints. This represents another key difference between the design principles
of Algorithm[6|and Algorithm[4] Intuitively, if the pricing function is designed to be sufficiently steep
(i.e., with large enough 1 and p), the feasibility of the online solution can be guaranteed. However,
increasing n and f§ also leads to a larger competitive ratio, which is undesirable. Lemma[12| provides
a tighter condition on 7 and f to ensure the feasibility of FLP-¢-VARIABLE.

Lemma 12. FLP--VARIABLE is (1+ 1) In(f)-competitive and generates feasible online solutions, with respect
to the resource constraint, if the parameters of the pricing function satisfies

1
Inp>-1 -——.
nf>-In ie!;[ax](l i(1+17)) (44)

Proof. In the following, we first prove that FLP-@#-VARIABLE generates a feasible solution and then we prove
the competitive ratio of the algorithm.

Feasibility of FLP-¢-VARIABLE. We only need to show that after processing each request n, the uti-
lization at the arrival time a, is no larger than k, i.e., ygz) < k,V¥n € [N] since y‘(lz) is the largest utilization

over time after processing each request n in the online k-rental problem. To show this, we prove a stronger
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claim that after processing request n, the utilization difference between two time slots a, + 7 and a, +d is
upper bounded as follows

k 1
. - Qﬁds—gﬁm [ “_i0+w)’ 0<r<d. (45)
ie[d-]

Since the rental period of an item is at most d,y, we have y + 4= = 0. If the above claim in Eq. and
the condition in Eq. (44) both hold, we can show the online solutlon is feasible by noting

k
e Iy

- )
nF ety FD

where the first and second inequalities are due to Egs. and (44), respectively.

Next, we prove the claim in Eq. by induction. We refer to the processing of request n as step n. In
the base case when n = 0, the initial utilization of all slots is yio) =0,Vt € [T], and the claim holds. Now
suppose the claim holds in step n — 1. Consider the following cases.

Case I. Request n is completely rejected, i.e., X, = 0. In this case, y(n V= y(") Vt € [T], and thus the
claim holds in step n.

Case II. Request n is partially or completely accepted, i.e., x, € (0,1]. Based on the pseudo-utility
maximization in FLP-¢-VARIABLE, we must have v, > 3o ¢(y§")) (f X, < 1,00 = Xser, ¢(yt(")); if
Xn =100 2 Xseq, gb(yt("))). Then we have

(n)
diz > Py = > (BT ~ 1), (46)
teTn teTn
Note that yfl:lr - inld (yg::) +X,) — (y(" Y +X,) = ygzﬂl) yc(l:;;) ifa,+r,a,+d €T, ={an,...,an+
dp, — 1} and yfl"lf - yénld y‘(lzﬂl) yfl"Jr;) ifa,+1,a,+d € {a,+dp, ..., T}. In these cases, the utilization

difference between ya +T and ya +q 1s the same as the previous step, and the induction holds. Thus, the
only interesting case is when
an+r<a,+d, <a,+d,

where the utilization of slot a, + 7 increases due to newly leased item while the utilization of a,, +d remains
unchanged.
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From Eq. (46), we can have

1 an+d,—1 y;n)
—-d, > (ﬁ E—1) (47a)
’7 t=apn
an+7—1 (n) an+dn 1 (’l)
= > BT+ Y (pE (47b)
t=an t=an+1t
y((;;)ﬂ ap+d,—1 y;n)
> —d, +Tf F + Z BF (47¢)
t=an+t
(n) an+d,—1 y(a',?ﬂ
> —dn " Tﬂyaz z + ﬁ X +1nﬁ (nle[t an— r]( 1+r7))) (47d)
t=an+7
yc(z’:,)Jrr [ dn 71 1
=—d,+pE |r+ Y l_[(l—i(1+ ) (47e)
. — dy— 1 1
=yt pE o [] e rwwny (47f)
T T ielda-r] 7
yyyll)+r 1+ n 1
=—dy+f k- —— T"'(d T) - (l_i(1+ )) (47g)
n ie[dp—r] n
95171)+r 1+ 1
> —d+pt =L od, [ e ) (47h)
1 ie[dp—r] 1
which gives
(n) k 1
Ya,+7 <-—-In 1_[ (1 - )
Inp ield, 1] i(1+n)

In the above set of equations, the inequality (47c) holds since the utilization is monotonically non-increasing
over time, and thus y(n) 2 yg(z:-)l-z'a Vt = ap,...,an, + 7 — 1. The inequality (47d) is obtained by applying the
induction hypothesis, i.e,Vt =a, +7,...,ap +d, — 1,

(n) _ - (n—1) (n-1)  k 1
=Xp+ > X+ +—1 | | 1- .
Y, Xn T Yy > Xp Ya,+t Inj n s _T]( i(1 +’7))

The equality holds due to the following equation that can be shown by induction:

Z]—[( ——)——n(l——)VbeNa>O

t=0 ie[t] ie[b]

The last inequality holds since [];¢(4,-,1(1 — whered, —7 > 1.

z(1+17)) = 1+17
Thus, we have

k 1 k 1
(m) _ y(m m <= ] || 1-——)<-—— I [| 0-— 48
yan+r ya +d — yan+T - 1 ﬁ n T]( l(1+f7)) — lnﬁ nle[d_r]( l(1+77))’ ( )

which shows that the induction holds in step n. This completes the feasibility proof.
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Proof of (1+7)-In(f)-competitiveness of FLP-$-VARIABLE. We consider the following relaxed primal
problem and its corresponding duel problem:

max Z dpxy, (49a)
W20 SN
s.t. > x<kVee[T], (A) (49b)
ne[N]:iteT,
xp < L,VYne [N], (yn) (49c¢)
min k> A+ Dy (50a)
Avyn=0 T ne[N]
st dy <yn+ Z AVt e [T],n e [N]. (50b)
teTn

We construct a set of feasible dual variables as follows:

A=9@™N),  veel[T],

0 0<x, <1,
Yn = )y  » Vn € [N],
dn — Zte‘];l ¢(yt ) Xn=1,

where %, is the online solution of FLP-¢-VARIABLE and yt(n) is the utilization of time ¢ after processing the
n-th item by FLP-@-VARIABLE. We show in the following that the constructed dual solution is feasible:

Case L. If x = 0, then we have y, =0 and d, < },c, ¢(yt(n)) (based on (43)). Thus,
dn< D ™)< D b)) = D Aty

teT, teT, teT,

Case ILIf 0 < £, < 1, then we have y, = 0 and d,, = Y,c7- $(y\™). Thus,

di= D ") < Y Aty

teTy teTn

Case IIL If %, = 1, then we have y, = d, — X ;e qﬁ(yt(n)) > 0. Thus,

dy= > ¢ +1n < Y Aty

teTn teTn

The dual objective at the feasible dual solution provides an upper bound on the relaxed primal and the
original primal objective. Thus, we have

T <k > ¢+ > 1

te[T] ne[N]

= 3 e S ™) - 4N 4.

ne[N] teTn

which holds as ¢(0) = 0. We next show that k ¥c7- (6 (5™ )¢ (" V) 4y < (147) In f-%ndy, Y € [N].
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Consider the following three cases.
Case L If £, = 0, then we have k Y, ($(y™) = p(y\" V) +ya = (1+7) Inf - 2pd, = 0.
CaseILIf0 < X, < 1,we have y, = 0and dy, = X;c 7 ng(y;n)). This gives

n ne y" s
kD (@) =g ) =kn D pE (1= pF)
teTy teTy
o %
<kn) pF —Inp
teTn,
(n)
=g Y galfT 1 +lnpon Y %
teT, teT,
=Inp-%n- Y ™) +Inp -2y dn
teTn

<Inp-#pdy+In -1 Fndn = (1+n7)Inp - Zndn,

where the last inequity holds since d, = X, ¢(yf")).
Case IIL If X, = 1, we have y, = dy, — X, d)(yt(n)) and d, > Yeq ng(y;")) This gives

y;n) 1
kY @™ =" Nty =kn Y (1= E) +yn

teTn teT,
" 1
<kn) fFlnf+y,
teTn
e
=Ing- > nlfF —1]+Inp-n-dy+y
teTn

=Ing- > $")+np-n-dy+ya

teTn
=Ing-(dn—yn)+Inf-n-dy+yn
<Inp-dy+Inf-n-dy+ (1 -Inp)y,
<(1+n)Inp-dy

where the last inequality holds when f > e.
This completes the proof of Lemma [12] mi

Based on Lemma|[12] we can design the parameters of the pricing function by formulating and solving
the following optimization problem, which aims to minimize the competitive ratio of FLP-¢-VARIABLE:

ﬁg’inrio (1+n)np (51a)
1
st. Inf>-In (1-- ). (51b)
(ie!;[ax] i1+ )

Thus, using the standard online primal-dual analysis, the results of [[6] can be extended to the fractional
setting through the same pseudo-utility maximization framework as in Algorithm [3|and Algorithm
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We end this section with a discussion of some interesting future directions. Based on the results of this
work and those of [6]], a natural direction for future work is to develop a rounding scheme that converts the
fractional algorithm such as Algorithm|6|into integral decisions, thereby addressing the integral version of
the kRental-Variable problem. However, due to the impossibility result in Theorem 3] any such rounding
scheme will necessarily incur some loss in performance. An alternative and promising direction is to adopt
the relax-and-round approach from Section[4 where the rounding step is integrated into the design of the
fractional solution. This would require a more sophisticated treatment of the pricing function ¢, both to
ensure feasibility and to optimize the competitive ratio.
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