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—— Abstract

In the Time-Windows TSP (TW-TSP) we are given requests at different locations on a network;
each request is endowed with a reward and an interval of time; the goal is to find a tour that
visits as much reward as possible during the corresponding time window. For the online version of
this problem, where each request is revealed at the start of its time window, no finite competitive
ratio can be obtained. We consider a version of the problem where the algorithm is presented with
predictions of where and when the online requests will appear, without any knowledge of the quality
of this side information.

Vehicle routing problems such as the TW-TSP can be very sensitive to errors or changes in the
input due to the hard time-window constraints, and it is unclear whether imperfect predictions can
be used to obtain a finite competitive ratio. We show that good performance can be achieved by
explicitly building slack into the solution. Our main result is an online algorithm that achieves a
competitive ratio logarithmic in the diameter of the underlying network, matching the performance of
the best offline algorithm to within factors that depend on the quality of the provided predictions. The
competitive ratio degrades smoothly as a function of the quality and we show that this dependence
is tight within constant factors.
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Online Time-Windows TSP with Predictions

1 Introduction

Many optimization problems exhibit a large gap in how well they can be optimized offline
versus when their input arrives in online fashion. In order to obtain meaningful algorithmic
results in the online setting, a natural direction of investigation is to consider "beyond
worst case" models that either limit the power of the adversary or increase the power of the
algorithm. A recent line of work in this direction has considered the use of predictions in
bridging the offline versus online gap. Predictions in this context are simply side information
about the input that an online algorithm can use for its decision making; the true input is
still adversarially chosen and arrives online. The goal is to show that on the one hand, if
the predictions are aligned with the input, the algorithm performs nearly as well as in the
offline setting (a property known as consistency); and on the other hand, if the predictions
are completely unrelated to the input, the algorithm nevertheless performs nearly as well as
the best online algorithm (a.k.a. robustness). Put simply, good predictions should help, but
bad predictions should not hurt, and ideally we should reap the benefits without any upfront
knowledge about the quality of the predictions.

Predictions have been shown to effectively bypass lower bounds for a variety of different
online decision-making problems including, for example, caching [30, 31, 25], scheduling [12,
24, 3], online graph algorithms [4], load balancing [27, 28], online set cover [6], matching
problems [17], k-means [19], secretary problems [1, 18], network design [20, 33, 9] and more.

In this paper, we consider a problem whose objective function value is highly sensitive
to changes in the input, presenting a significant challenge for the predictions setting. In
the Traveling Salesman Problem with Time Windows (TW-TSP for short), we are given
a sequence of service requests at different locations on a weighted undirected graph. Each
request is endowed with a reward as well as a time window within which it should be serviced.
The goal of the algorithm is to produce a path that maximizes the total reward of the requests
visited within their respective time windows. In the online setting, the requests arrive one at
a time at the start of their respective time windows, and the algorithm must construct a
path incrementally without knowing the locations or time windows of future requests.

Vehicle routing problems such as the TW-TSP that involve hard constraints on the lengths
of subpaths (e.g. the time at which a location is visited) are generally more challenging than
their length-minimization counterparts. In particular, a small bad decision at the beginning
of the algorithm, such as taking a slightly suboptimal path to the first request, can completely
obliterate the performance of the algorithm by forcing it to miss out on all future reward.
In the offline setting, this means that the approximation algorithm has to carefully counter
any routing inefficiency in some segments by intentionally skipping reachable value in other
segments. In the online setting, this means that no sublinear competitive ratio is possible.

Given the sensitivity of the TW-TSP objective to small routing inefficiencies, is it possible
to design meaningful online algorithms for this problem using tmperfect predictions?

We consider a model where the algorithm is provided with a predicted sequence of requests
at the beginning, each equipped with a predicted location and a predicted time window. The
true sequence of requests is revealed over time as before. Of course if the predicted sequence
is identical to the true request sequence, the algorithm can match the performance of the
best offline algorithm. But what if the predictions are slightly off? Could these small errors
cause large losses for the online algorithm? Can the algorithm tolerate large deviations?

1A comprehensive compendium of literature on the topic can be found at [29].
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Our main result is an online algorithm for the TW-TSP based on predictions whose
performance degrades smoothly as a function of the errors in prediction. We obtain this
result by explicitly building slack into our solution and benchmark. In a slight departure
from previous work on TW-TSP, we require the server to spend one unit of idle "service time"
at each served request. We show that this is necessary to obtain a sublinear approximation
even with predictions (Theorem 9). (However, in the absence of predictions, the setting
with service times continues to admit a linear lower bound on the competitive ratio; See
Theorem 8.) We then use service times judiciously in planning a route and accounting for
delays caused by prediction errors.

There are two primary sources of error in predictions: (1) the predicted locations of
requests may be far from the true locations; and, (2) the predicted time windows may be
different from the true time windows. The competitive ratio of our algorithm depends linearly
on each of these components, taking the maximum error over each predicted request and
normalizing appropriately.? This dependence is tight to within constant factors. Besides this
dependence on the prediction error, the competitive ratio depends logarithmically on the
diameter of the underlying network, matching the performance of the best known offline
algorithm for TW-TSP.

Although our competitive ratio is stated in terms of the maximum location or time
window errors, where the maximum is taken over all requests in the instance, our algorithm
performs well even when some of the errors are large and most errors are small. In particular,
our algorithm’s performance is simultaneously competitive against the maximum achievable
reward over any subset of requests, scaled down by the maximum prediction error over that
subset. (See "Extensions" in Section 3 for a formal statement.) In this respect, our guarantees
fall within the framework of metric error with outliers proposed by [4]. On the other hand,
when all or most requests are predicted poorly, our algorithm also inevitably performs poorly
as it inherits lower bounds from fully online instances.

Importantly, our algorithm requires little to no information about how the predictions
match up against the true requests. For the purpose of analysis, we measure the error
in predictions with respect to some underlying matching between the predicted and true
requests — the error parameters are then defined in terms of the maximum mismatch between
any predicted request and its matched true request. This matching is never revealed to
the algorithm and in fact the performance of the algorithm depends on the quality of the
best possible matching between the predicted and true requests. The only information the
algorithm requires about the quality of the predictions is the location error — the maximum
distance between any prediction and its matched true request. Even for this parameter, an
upper bound suffices (and at a small further loss, a guess suffices).

Our overall approach has several components. The first of these is to construct an instance
of the TW-TSP over predicted requests that requires the server to spend some idle time at
each request as a "service delay". We then extend offline TW-TSP algorithms to this service
delay setting, obtaining a logarithmic in diameter approximation. We then follow and adapt
this offline solution in the online setting. Every time the offline solution services a predicted
request, we match this request to a previously revealed true request, take a detour from the
computed path to visit and service the true request, and then resume the precomputed path.
Altogether this provides the desired competitive ratio.

2 Formally, the competitive ratio depends linearly on the ratio of the maximum location error of any
predicted request to the minimum service time, as well as the ratio of the maximum time window error
to the minimum time window length.
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Online Time-Windows TSP with Predictions

Our results further generalize to a setting where predictions are coarse in that each single
predicted location captures multiple potential true requests that are nearby. We show that
with prediction errors defined appropriately, we can again achieve a competitive ratio for
this "many to one matching" setting that is logarithmic in the diameter of the graph and
polynomial in the prediction error.

Finally, our algorithm and analysis incorporates error in estimating rewards of requests
in a straightforward manner achieving the optimal dependence on this third source of error.

Further related work

Using predictions in the context of online algorithm design was first proposed by [30] for
the well-studied caching problem. Since that work, the literature on online algorithm design
with predictions has grown rapidly. We point the interested reader to a compendium at [29]
for further references.

Metric error with outliers.

Azar et al. [4] initiated the study of predictions in the context of online graph optimization
problems, and proposed a framework for quantifying errors in predictions, called metric error
with outliers, that we adapt. The idea behind this framework is to capture two sources of
error: (1) Some true requests may not be captured by predictions and some predictions may
not correspond to any true requests; (2) For requests that are captured by predictions, the
predictions may not be fully faithful or accurate. The key observation is that it is possible
to design algorithms with performance that depends on these two sources of error without
explicit upfront knowledge of the (partial) correspondence between predicted and true requests.

In this work, we focus mostly on the second source of error, which we further subdivided
into three kinds of error in order to obtain a finer understanding of the relationship between
the competitive ratio and different kinds of error. As in the work of Azar et al. [4], we assume
that the correspondence between predicted and true requests is never explicitly revealed to
the algorithm. The performance of the algorithm nevertheless depends on the error of the
best matching between predicted and true requests. In Section 3 we describe how the first
source of error in Azar et al’s framework can also be incorporated into our bounds.

TSP with predictions.

Recently a few papers [10, 23, 22] have considered the online TSP and related routing
problems with predictions. The input to the online TSP is similar to ours: requests arrive
over time in a graph, and a tour must visit each request after its arrival time. However,
the objective is different. In our setting, requests also have deadlines, and the algorithm
cannot necessarily visit all requests. The goal therefore is to visit as many as possible. In
the online TSP, there are no deadlines, and so the objective is to visit all requests as quickly
as possible, or in other words to minimize the makespan. This makespan minimization
objective is typically much easier than the deadline setting, as evidenced by constant factor
approximations for it in the offline, online, and predictions settings, as opposed to logarithmic
or worse approximations for the latter problem.

We mention that the algorithmic idea of precomputing an offline path based on the
predictions and then adapting it to the online input has also been used in [10, 23]. The main
challenge in the setting that our works considers, is that due to the existence of deadlines,
our algorithm needs to be careful on how it adapts its path, as taking a large detour could
result in entirely missing the time-windows of future (unrevealed) requests. We circumvent
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this issue by introducing appropriately large idle times on the predicted requests that our
offline solution visits.

TW-TSP without predictions.

The (offline) TW-TSP problem has a rich literature and has been studied for over 20 years.

The problem is known to be NP-hard even for special cases, e.g. on the line [32], and when
all requests have the same release times and deadlines (a.k.a. Orienteering) [11]. Orienteering
admits constant factor approximations [11, 7, 14], and even a PTAS when requests lie in
a fixed dimensional Euclidean space [2, 16]. For general time windows, constant factor
approximations are only known for certain special cases: e.g. constant number of distinct
time windows [15]; and on line graphs [32, 26, 8, 21]. For general graphs and time-windows,
the best approximations known are logarithmic in input parameters [7, 14].

To the best of our knowledge, the online setting for TW-TSP has only been considered
by Azar and Vardi [5]. Azar and Vardi assume that service times are non-zero and present
competitive algorithms under the assumption that the smallest time window length Ly
is comparable to the diameter D of the graph, as no sublinear competitive ratio can be
achieved if Ly, < D/2. We are able to beat this lower bound by relying on predictions.

Organization of the paper

We formally define the problem and our error model in Section 2. Section 3 describes our
results and provides an outline for our analysis. All of our main results are covered in that
section. Proofs of these results can be found in subsequent sections. In particular, Sections 4,

5, and 6 fill in the details of our upper bound, and Section 7 proves the stated lower bounds.

Proofs omitted from the main body of this paper can be found in the appendix of the full
version [13].

2 Definitions

2.1 The Traveling Salesman Problem with Time-Windows

An instance of the TW-TSP consists of a network G and a (finite) sequence of service requests
I. Here, G = (V, E,{) is an undirected network with edge lengths {{.}ccr. Extending the
notion of distance to all vertex pairs in G, we define ¢(u,v) for u,v € V' to be the length of
the shortest path from u to v. We assume without loss of generality that G is connected
and that the edge lengths £, are integers. A service request ¢ = (v, 75, dy, Ty) consists of a
vertex vy € V at which the request arrives, a release time 7, € Z1, a deadline d, € Z* with
d, > 75, and a reward T, € ZT. We use ¥ C V x ZT x Zt x Z* to denote the set of all
possible client requests and I C X to denote the set of requests received by the algorithm.
The solution to TW-TSP is a continuous walk on G that is allowed to remain idle on the
vertices of the graph.® Formally, the walk starts from some vertex at time ¢t = 0; at every
time-step that it occupies a vertex u € V, it can either remain idle on w for some number
of time-steps or it can move to some v € V' by spending time ¢ = £, ,,); we comment that
while the path is mid-transition, no more decisions can be made. Notice that this creates

3 To keep our exposition simple, we do not specify a starting location for the walk. However, all of our
algorithms can be adapted without loss to the case where a starting location is fixed, as described
towards the end of Section 3.
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Online Time-Windows TSP with Predictions

a notion of a discrete time-horizon that will be important towards formalizing the online
variant of the problem.

We use W(G) to denote the set of all walks on G. Given a request o € X, we say that
a walk W covers it if W remains idle on vertex v, for at least one time-step,® starting on
some step 7 € [ry, dy — 1]. For a sequence of requests I C 3, we use Cov(W, I) C I to denote
the set of requests in I that are covered by W. Then, the reward obtained by walk W is
denoted by Rew (W, I) := 3, ccovw,r) To- The objective of TW-TSP is to compute a walk
W € W(G) of maximum reward. We denote this by OPT(G, I) := maxyw ey () [Rew (W, I)].

2.2 The offline, online, and predictions settings

We assume that the network G is known to the algorithm upfront in all of the settings we
consider. In the offline version of the problem, the sequence of requests I is given to the
algorithm in advance. In the online version, requests ¢ € [ arrive in an online fashion;
specifically, each request o € I is revealed to the algorithm at its release time r,.

In the predictions setting, the true sequence of requests I arrives online, as in the online
setting. However, the algorithm is also provided with a predicted sequence I’ C ¥ in advance,
where every request o’ € I’ is endowed with a location, a time window, and a reward. The
quality of predictions is expressed in terms of their closeness to true requests. To this end,
we define three notions of mismatch or error. For a true request o and predicted request o/,
the location error, time windows error, and reward error are defined as:

LocErr(o,0") := l(vy, vyr)
TWErr(o,0') := max{|r, — ro|, |ds — ds|}
o0

RewErr (o, 0') := max{ny /7y, T /To }

We extend these definitions to the entire sequences I and I’ through an underlying (but
unknown to the algorithm) matching between the requests in the two lists:

» Definition 1. Given two request sequences I,I' C ¥ with |I| = |I'| and a perfect matching
M : I~ I, we define the location, time window, and reward errors for the matching M as:
A = max LocErr(o, M (o))
oel

T 1= max TWErr(o, M (o))
[eAS]

pu = max RewErr(o, M (0))
oel
We use n = |V| to denote the number of vertices in G, D to denote the diameter of
the graph, and Ly, and Ly ax to denote the size of the smallest and largest time windows
respectively (of a true or predicted request) in the given instance; that is, we denote
Lin = mingejur |[de — 75| and Liyax = maxyerur |de — ro|. The competitive ratios of the
algorithms we develop depend on these parameters.

Knowns and unknowns.

We denote an instance of the TW-TSP with predictions by (G, I,I’, M). All components of
the instance are chosen adversarially. As mentioned earlier, the network G and the predicted

1 As we mentioned in the introduction, this requirement of a minimal one-unit service time is necessary
in order to achieve any sublinear approximation for the online TW-TSP even with predictions. See
Theorem 9 in Section 7.
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sequence I’ are provided to the algorithm at the start. The sequence I arrives online. We
assume that the algorithm receives no direct information about the matching M, but is
provided with an upper bound on the error Ay;. We will also assume that the algorithm
knows the parameter Ly,, although this is without loss of generality as the parameter can

be inferred within constant factor accuracy from the predictions.’

2.3 The TW-TSP with service times

At a high level our algorithm has two components: an offline component that computes a
high-reward walk over the predicted locations of requests, and an online component that
largely follows this walk but takes "detours" to cover the arriving true sequence of requests.
In particular, as the algorithm follows the offline walk, for each predicted location it visits
where a "close by" true request is available, the algorithm takes a "detour" to this true
request, returns back to the predicted location, and resumes the remainder of the walk. In
order to incorporate the time spent taking these detours in our computation of the offline
walk, we require the walk to spend some "service time" at each predicted location it covers.
Accordingly, we define a generalization of the TW-TSP:

» Definition 2. The TW-TSP with Service Times (TW-TSP-S) takes as input a network G,
a sequence of service requests I, and a service time S € ZT, and returns a walk W € W(G).
We say that W covers a request o € I, denoted o € Cov(W, 1,S), if it remains idle on vertex
vy for at least S time steps, starting at some step t € [r,,d, — S|. We define the reward of
W as Rew(W,I,S) := Zaecov(W,I,S) To. The optimal value of the instance is given by:

OPT(G,I,S) := V[/lrrlya\vu})((a)[Rew(VV7 1,9)).
€

Note that the original version of TW-TSP as defined previously simply corresponds
to the special case of TW-TSP-S with service time S = 1, and in particular, we have
Rew(W,I) = Rew(W,1,1), and OPT(G,I) = OPT(G,1,1).

3  Our results and an outline of our approach

Our main result is as follows.

» Theorem 3. Given any instance (G,I,I', M) of the TW-TSP with predictions whose errors
satisfy Tar < Limin/2 and Apy < (Liin — 1)/4, there exists a polynomial-time online algorithm
that takes the tuple (G,1',Apr) as offline input and I as online input, and constructs a walk
W € W(Q) such that

1
O(Aps - p3y - logmin(D, Liax))

E[Rew(W,I)] > -OPT(G, I).

As mentioned previously, our algorithm consists of two components. The offline component
constructs a potential walk in the network with the help of the predicted requests. Then an
online component adapts this walk to cover true requests that arrive one at a time. We break
up the design and analysis of our algorithm into four steps. The first two steps relate the
offline instance we solve to the hindsight optimal solution for the online instance. The third

5 In particular, assuming 7ar < Lmin/2, which is necessary for our results to hold, the time window of
any true request can be no shorter than half the smallest time window of any predicted request.
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step then applies an offline approximation to the predicted instance with appropriate service
times. The final step deals with the online adaptation of the walk to the arriving requests.

The following four lemmas capture the four steps. First, we show (Section 4) that
introducing a service time of S hurts the optimal value by at most a factor of 25 — 1. As
we prove in Lemma 14 of Section 4, this dependency on S is tight. Observe that we require
S < Luin, as for any tour to feasibly cover a request, the service time for that request must
fit within its time window.

» Lemma 4. For any instance (G,I) of the TW-TSP with service times, and any integer
S < Lnin, we have

1

PT(G,I > —

-OPT(G, 1,1).

Our second step (also in Section 4) relates the value of the optimal solution over the true
requests I to the optimum over the predicted sequence I’. In both cases, we impose some
service time requirements. Note that this argument needs to account for the discrepancy in
locations, time windows, as well as the rewards of the true and predicted requests.

» Lemma 5. Let (G,I,1I', M) be an instance of the TW-TSP with predictions, where Ay,
oM, and Ty denote the maximum location, reward, and time window errors of the instance
respectively. Define S := 4Ay + 1 and S" := 2Ap + 1. Then, if 7as < Luin/2 and
Apt < (Limin — 1)/4, we have

OPT(G,I',S) >

L OPT(G,1,5).
3pm

Our third step (Section 5) captures the offline component of our algorithm: computing
an approximately optimal walk over the predicted requests with the specified service times.
For this we leverage previous work on the TW-TSP without service times and show how to
adapt it to capture the service time requirement.

» Lemma 6. Given any instance (G,1',S") of the TW-TSP with service times, there exists
a polynomial time algorithm that returns a walk W € W(G) with reward

! ! ]‘ !/ /

Rew(W,I',5") = O (log min(D, L)) -OPT(G,I',5).

Finally, the fourth component (Section 6) addresses the online part of our algorithm.
Given a walk computed over the predicted request sequence, it solves an appropriate online
matching problem to construct detours to capture true requests. As in Lemma 5, this part
again needs to account for the discrepancy in locations, time windows, as well as the rewards
of the true and predicted requests.

» Lemma 7. Given an instance (G,1,I',M) of the TW-TSP with predictions satisfying
M < Linin/2 and App < (Lin — 1)/4; a walk W € W(G); and any integer S" > 2Ap + 1,
there exists an online algorithm (Algorithm 1) that returns a walk W € W(G) with expected
reward

E [Rew(W,I,1)] >

1
—— .Rew(W',IT,S").
Somr ( )

Theorem 3 follows immediately by putting Lemmas 4, 5, 6 and 7 together.
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Lower bounds and tightness of our results.

We show that the online TW-TSP does not admit sublinear competitive algorithms in the
absence of predictions if Ly, < D, even with non-zero service times. Furthermore, if the
service times are all 0, no sublinear competitive ratio is possible even using predictions that
are accurate in all respects except the request location. Therefore, in order to achieve a
nontrivial competitive ratio, it is necessary to use predictions as well as to impose non-zero
service times on the optimum. The proofs are presented in Section 7.

» Theorem 8. The competitive ratio of any randomized online algorithm for Online TW-TSP
on instances with Lyin < D and all service times equal to 1 is at most 1/n.

» Theorem 9. For any S > 0, there exists an instance (G,I,1', M) of the TW-TSP with
predictions and service times 0, satisfying 7o = 0, par = 1, and Ay = S, such that any
randomized online algorithm taking the tuple (G,I',Apr) as offline input and I as online
input achieves a reward no larger than O(1/n) - OPT(G,I,0). Here n is the number of
vertices in G.

As mentioned earlier, the best known approximation factor for the offline TW-TSP
is O(log Liax) (which we show can be improved slightly to O(logmin(D, Lyax))). We
inherit this logarithmic dependence on D and L,y in the predictions setting. Furthermore,
any improvements to the offline approximation would immediately carry through into our
competitive ratio as well. In particular, given an offline TW-TSP algorithm that achieves a
competitive ratio of a(D, Lyax), we obtain an online algorithm that achieves a competitive
ratio of O(Aps - p3; - a(D, Linax))-

The dependence of our bound on pjp; can easily be seen to be tight — consider a star
graph with requests on leaves, and edge lengths and time windows defined in such a manner
that any feasible walk can cover at most one request. Then an uncertainty of a factor of
pur in the predicted rewards can force any online algorithm to obtain an Q(p%;) competitive
ratio even if the predictions are otherwise perfect. Finally, we show in Section 7.2 that the
dependence of our competitive ratio on Ay, is also tight:

» Theorem 10. For any S > 0, there exists an instance (G,1,1I', M) of the TW-TSP with
predictions satisfying Tpr = 0, par = 1, and App = S such that the competitive ratio of any
randomized online algorithm taking the tuple (G,I',Ayr) as offline input and I as online
input asymptotically approaches 1/(S + 1).

Extensions and generalizations.

We now describe some ways in which we can weaken the assumptions in Theorem 3 while
maintaining its competitive ratio guarantee:

Lack of knowledge of A);. Our algorithm continues to work as intended if it is provided
with an upper bound on Aj,; rather than the exact value of the parameter, with the
performance of the algorithm degrading linearly with the upper bound, as in the theorem
above. One such upper bound is simply Luyi,/4. Moreover, by guessing Aj; within a
factor of 2 in the range [0, Liin/4], we can obtain the claimed approximation with a
further loss of O(log Lyin). Thus, our algorithm can achieve non-trivial guarantees that
scale with the location error even in settings where no information is given about any of
the prediction errors Ay, Tar, pas-

2:9
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Assumptions on 7); and A,;. It is easy to see that it is necessary to assume Ap; < Liin
to obtain a nontrivial competitive ratio, as predictions with a location error larger than
the time window size are of no value to the online algorithm. On the other hand, assuming
Tar < Ly 18 not necessary. We can accommodate larger time window errors by following
one out of roughly 7as/Lmin different time shifts of the offline walk. This worsens our
approximation factor by an additional factor of 7as/Lmin. In particular, this algorithm
achieves a competitive ratio of O(Ans - p3; - Tar/Limin - logmin(D, Linax))-

Random rewards. Our results also hold in the case of random rewards. Specifically,
consider a setting where the rewards {7, },c; are drawn from some joint (not necessarily
product) distribution D over RZ . In that case, we define Rew(W, I) := > occov(w,1) Elmol;
and OPT(G,I) as the maximum reward obtained by any walk W € W(G).% Finally, we
define RewErr(c, 0’) as the mismatch between 7/ and E[r,]. Our analysis provides the
same approximation as before in this setting. See the full version for a formal proof.

» Corollary 11. Given an instance (G,I,I', M) of the TW-TSP with predictions where
requests have randomly drawn rewards, and predictions errors satisfy that Ta; < Luin/2
and also Apr < (Limin —1)/4, there exists a polynomial-time online algorithm that takes the
tuple (G, I', Apr) as offline input and I as online input, and constructs a walk W € W(Q)
such that

1
O(Ap - p3; - logmin(D, Linax))

E[Rew (W, )] > - OPT(G, I)

Rooted instances. Next, we consider the case where a starting vertex vg is also specified,
and the solution space W(G) includes all walks on G that start on vertex vy at t = 0.
We can easily see that this setting is essentially equivalent to its unrooted counterpart,
under the extra assumption that each request o = (v,, 75, d,, 7o) satisfies the conditions
£(vg,vs) < 7,. This is a reasonable assumption as no algorithm can visit a request o
before time £(vg,v,) anyway. Clearly, for any rooted instance (G, I,vp), the unrooted
optimal OPT(G, I) is an upper bound on the rooted optimal OPT(G, I, vg). On the other
hand, the unrooted path computed by our algorithm can be transformed to a path of
same reward rooted at vy by going directly from vy to the predicted request serviced first,
as this distance is at most equal to the request’s release time.

Partial matching. Next we consider the case where not all true requests are captured
by the predicted requests and, on the flip side, where some predicted requests do not
correspond to true requests at all. Following the framework of [4], we consider partial
matchings between I and I’, and define A} to be the total reward of all true requests
that are unmatched, and AY to be the total predicted reward of predicted requests that
are unmatched. Then, it is easy to see that our analysis goes through for the subsets of I
and I’ that are matched to each other, costing us an additive amount of no more than
AM + AM . See the full version for a formal proof.

» Corollary 12. Given an instance (G, I,1') of the TW-TSP with predictions, let M be any
(incomplete) matching between I and I', and let the error parameters Ay, par, Tar, AM,
and AY be defined as above. Then, there exists an online algorithm that takes (G, 1, Apr)

6 Note that we do not allow the optimal walk to adapt to instantiations of rewards. Adaptive walks
cannot be competed against in an online setting even with predictions.
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as offline input and I as online input, and returns a walk W € W(QG) such that

1
A - p3; -logmin(D, Linax)

M
Ay

o

E [Rew(W,I)] > Q ( ) - (OPT(G, 1) — A{W) _

Many to one matching. Consider a setting where predictions are coarse in that each
single predicted location captures multiple potential true requests. We can model such a
setting within our predictions framework and obtain almost the same guarantee as in

Theorem 3. In particular, for this setting, let M be a many-to-one matching from I to I’.

We define the location error of a predicted request ¢’ € I’ as the length of the shortest
path that starts at o', visits all of the locations of the true requests that are preimages of
o’ in M, spending one unit of time at each, and returns back to ¢’. Observe that this

location error is the length of the optimal solution to an orienteering problem rooted at o”’.

Correspondingly, we want the reward associated with ¢’ to capture the total reward of all
the true requests matched to ¢o’, and define its reward error accordingly. Finally, the time
window error is defined as before, as a maximum over all pairs ¢ and ¢’ that are matched
to each other. Our algorithm for the setting of Theorem 3 constructs a matching between
I’ and I in an online fashion. For this one to many setting, we solve instances of the
orienteering problem rooted at each predicted request we visit. The performance of the
algorithm accordingly worsens by a small constant factor and we achieve a competitive
ratio of O(Ap3;logmin(D, Liax)) as before. Due to space limitations, the details of
the proof are omitted from this version. See Section 8 of the full version [13] for further
details.

» Theorem 13. Given an instance (G,1,I', M) of the TW-TSP with predictions where
M is a many-to-one matching with errors as defined above, and satisfying Tas < Lin/2
and Apr < Linin/2, there exists a polynomial-time online algorithm that takes the tuple
(G, I', Apr) as offine input and I as online input, and constructs a walk W € W(G) such
that

1
O(AM 'p?\/l . logmin(D, Lmax))

E[Rew (W, )] > - OPT(G, I).

4 Relating the Optima

In this section we provide the proofs of Lemmas 4 and 5 that relate the optima over the
true and the predicted request sequences, using service times as a mechanism to capture the
prediction errors. We begin by proving that a service time of S can hurt the optimal by at
most a factor of 25 — 1.

» Lemma 4. For any instance (G, 1) of the TW-TSP with service times, and any integer
S < Luyin, we have

1
S—1

OPT(G,I,S) > 5 -OPT(G,I,1).

Proof. Let W € W(G) be the walk that achieves the optimum OPT(G,I,1), and let the
requests in I that are covered by W be denoted as o; = (v;, r4,d;, m;) and ordered in the
sequence in which they are covered by W. The lemma follows directly from the simple
observation that if we don’t service the (S — 1)-requests prior and after some request o;,
then we can save enough time to service o; for S time-steps within its time window.
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Formally, if ¢; € [r;,d; — 1] is the step at which W begins servicing request o;, then by
skipping the idle times on the (S — 1)-previous and next requests we can remain idle on v;
from step t; — (S — 1) until step ¢; + .5 (since W already remained idle on v; for 1 step) while
still being able to keep up with walk W. Since S < L4n, it is easy to verify that at least S
of these time-steps are going to fall in the time-window [r;, d;].

We now partition the requests o; = (v;, r;, d;, m;) into 25 — 1 sub-sequences, each of which
starts at some request i € [S], and covers the requests o;, Tit(25—1)> Tit2(25—1), and so forth.
Each such sequence can be covered with a walk, with idle times built in as above, so as to be
feasible for the instance (G, 1,S5). Clearly, one of these walks obtains a reward of at least
OPT(G,I,1)/(2S — 1), completing the proof. <

In the appendix of the full version, we show that the above lemma obtains a tight gap
between the optima at different service times.

» Lemma 14. For any pair of integers (L, S) such that L > 2S5 —2 > 1, there exists a rooted
instance (G, I) of the TW-TSP with service costs such that Ly, = L and

OPT(G,I,8) = . OPT(G,I,1).

25 -1

Next, we provide the proof of Lemma 5 that relates the optima between the predicted
and true request sequences, by appropriately addressing all three possible types of prediction
errors.

» Lemma 5. Let (G,I,I', M) be an instance of the TW-TSP with predictions, where Ay,
pu s and Tpp denote the maximum location, reward, and time window errors of the instance
respectively. Define S := 4Apr + 1 and S" := 2Ap + 1. Then, if Tar < Lmin/2 and
Apnr < (Lmin — 1)/4, we have

OPT(G,I',5') >

L OPT(G,1,5).

3pm

Proof. Let W be the walk that achieves the optimum OPT(G,I,5), and let the requests
in I covered by W be denoted as o; = (v;,7;,d;, m;) and ordered in the sequence in which
they are visited by W. Let o} = (v}, r},d., 7}) denote the predicted request matched to oy,
that is, o} = M (0;). Observe that the total reward of all requests {o}} corresponding to
o; € Cov(W,1,S5) is at least Rew(W, I,S5)/pas.

We will consider a walk W’ in G defined as follows. The walk W’ follows W, visiting
the requests o; in sequence. As soon as W starts servicing o;, W’ takes a detour to
visit of; remains idle at o) for S’ time steps; returns back to o;; remains idle at o; for
S —20(v;,v})— S’ > 0 time steps; and then resumes the walk W. Observe that W' is identical
to W outside of the detours it takes to visit the o/’s.

Our goal is to feasibly capture all of the reward contained in the os. The problem is
that the walk W’/ may miss some of this reward due to the mismatch in the time windows of
the true and predicted requests. To this end, we will consider two variations of the walk W’.
Let K := Luin/2 > 7ar. The walk W is identical to W’ except that it starts K steps after
W' starts, and accordingly visits every location exactly K steps after W' visits it. The walk
W3 is identical to W’ except that it starts K steps before W' starts,” and accordingly visits
every location exactly K steps before W' visits it.

™ To be precise, this walk starts at the location where W' is at at step K.
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Now consider some o corresponding to a request o; covered by W in the instance (G, I, S).
We claim that at least one of the walks W', Wy, and W3 covers o} in (G, I’,5"). Let t be
the time at which W’ arrives at v}; recall that W' remains at the node until at least ¢ + 5.
Note that ¢ > r; and t + S’ < d; due to o; € Cov(W, I, S).

First, suppose that v} <t and d} >t + S, then ¢’ is covered by W' in (G, I’,S"). Next
suppose that 7} > ¢t. Then, W] arrives at v} at time t + K > r; + K > r; + 73y > ;. On
the other hand, it remains at v} until time t + K + 5" < 7, + K + 5" < 7] 4+ Lyin < di.
Therefore, o} is covered by W{. Finally, suppose that d; < t + S’. Then, W} arrives at v} at
time t — K > d; — 5" — K > d, — Liin > r;. On the other hand, it remains at v} until time
t— K+ 5" <d;— K <d; — 1y <d}. Therefore, o} is covered by Wj.

We get that at least one of W', W{, or Wj obtains at least a 1/3py fraction of
OPT(G, I, S), where the factor of pj is lost due to the mismatch in the predicted rewards.
The lemma follows directly from this. <

5 The offline approximation

In this section, we design an O(log min(D, Lyayx)) deterministic and polynomial-time ap-
proximation algorithm for the TW-TSP with service times, providing the proof of Lemma 6.
Our proof relies on a series of reductions between different offline problems, applications of
existing algorithms as well as the design of novel algorithmic components. We break up our
argument into a series of lemmas. Due to space limitations, all the proofs are moved to the
appendix of the full version [13].

1. First, we designing an O(logmin(D, Ly,ax)) approximation algorithm for TW-TSP
(without service times). Since the work of [14] already provides a O(log Lpqz) ap-
proximation for the setting with integer time-windows (see Lemma 5.3 of [14]), it suffices
to prove the following:

» Lemma 15. Given an instance of the TW-TSP (without service times) with Ly, > 4D,
there exists a polynomial time algorithm that achieves an O(1) approzimation.

Our proof relies on the observation that when time-windows are sufficiently large compared
to the diameter of the graph, the problem essentially reduces to an instance of the
well-studied Orienteering problem, for which constant approximation algorithms are
known. We comment that similar ideas have been used in [5]. Then, it is straight-
forward to combine this algorithm together with the algorithm of [14] to acquire an
O(log min(Lyax, D)) approximation of TW-TSP.

» Lemma 16. There exists an O(logmin(D, Ly.x)) approzimation algorithm for the
TW-TSP problem.

2. Next, we design a simple approximation-preserving reduction from TW-TSP with service
times to TW-TSP (without service times). The main idea behind this reduction is to
treat service times as edge lengths in an augmented graph whose diameter is roughly
D+ 5. For instances with S < D, this increase becomes negligible and thus by combining
our reduction with Lemma 16, we immediately get the following:

» Lemma 17. Given an instance (G,1,S) of the TW-TSP with service times such that
S < D, there exists a polynomial time algorithm that achieves an O(logmin(D, Lyax))
approximation.

3. Finally, we handle the case of large service times, specifically S > D. In that case, it
turns out that we can reduce the instance to one over a uniform complete graph. Then,
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the TW-TSP-S essentially becomes equivalent to the well-studied Job Scheduling problem,
for which constant approximations are known.

» Lemma 18. Given an instance (G,I,S) of the TW-TSP with service costs such that
S < D, there exists a polynomial time algorithm that achieves an O(1) approzimation.

The proof of Lemma 6 follows immediately from Lemma 17 and Lemma 18. We comment that
any improvement in the best known approximation algorithm for TW-TSP will immediately
imply an improvement for all the results that this work presents. Lemma 18 essentially
enables us to assume that in all instances of interest, S < D. Under this assumption,
our reduction used in the proof of Lemma 17 essentially states that TW-TSP-S becomes
equivalent to TW-TSP in graphs of diameter O(D) and maximum window size O(Lmax)-
As an immediate corollary, given an offline TW-TSP algorithm that achieves a competitive
ratio of a(D, Lyax), we immediately obtain an offline O(a(D, Limax)) approximation for
TW-TSP-S, that can be used in order to substitute Lemma 6 in our analysis and improve
the competitive ratio of Theorem 3.

6 The online algorithm

In this section we present an online algorithm that takes as input a pre-computed walk over
the predicted request sequence and solves an appropriate online matching problem in order
to construct detours that capture true requests, while taking into account the possible errors
in the predictions. The formal guarantee of our algorithm is given in Lemma 7, which we
restate for the reader’s convenience:

» Lemma 7. Given an instance (G,1,I',M) of the TW-TSP with predictions satisfying
M < Limin/2 and App < (Lin — 1)/4; a walk W € W(G); and any integer S" > 2Ap + 1,
there exists an online algorithm (Algorithm 1) that returns a walk W € W(G) with expected
reward

E [Rew(W,I,1)] >

L Reww', 1, 9.
6o

We begin by establishing some notation. Let W’ € W(G) be any walk that services some
predicted requests in I’ with a service time of S’. We use o = (v}, ], d}, 7}) to denote the
predicted requests in I’ that are covered by W', ordered in the sequence in which they are
visited by W’. Likewise, we use o; = (v;,7;,d;, 7;) € I to denote the true request matched
to the prediction o}, that is, o} = M (o).

At a high level, our algorithm follows the walk W’ but when it reaches a predicted
request o}, it considers taking a detour to service a true request that is available at that
point of time. To this end, we define the set of "reachable" true requests as follows.

» Definition 19. Given a partial walk W that is at request o} € I' at time t, we define the
set of reachable requests R;(W,t) to be the set of all o € I such that:

1. r, <t <d, —L(v},v,) — 1, and

2. 2(vf,v,) +1< 5"

Our algorithm considers all of the reachable requests that have not been covered by the
walk as yet, chooses the one with the highest reward, and takes a detour to visit and cover
the request, before returning to o} and resuming the walk. In order to deal with time window
errors, our algorithm starts the walk a little early, or on time, or a little late, as in the proof
of Lemma 5. The algorithm is described below formally.
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Algorithm 1 Online algorithm for TSP-TW with predictions.

Offline input: Graph G, predicted requests I’, walk W’ € W(G), service times S’
Online input: True requests I.
Output: Walk W € W(G).

1: Let K = Lpin/2. Select € uniformly at random from {—1,0,1}.

2: Define the set of covered requests C = 0.

3: for i < 1 to |Cov(W',I’,5")| do

4: Let ¢, denote the time at which W’ visits o7.

Set t; + tg + eK.

5
6: Visit v} at time ;.

7: Construct the set R;(W,t;) of requests in I reachable at time ¢;.
8 if RZ(I/V, ti) \C = () then

9

Do nothing.
10: else
11: Let & be the highest reward request in R;(W,¢t;) \ C.
12: Visit vs; spend one unit of idle time at vs; return to vj.
13: Set C' «+ CU{6}.

We begin our analysis by noting that the walk W constructed by the algorithm is always
able to visit the vertices v] corresponding to requests o) € Cov(W’,I’,S") feasibly at the
desired times t;. This is because, by construction, the length of the detours that the walk
W takes in Step 12 is always at most S’ — the amount of idle time W' spends at v} — by
virtue of the fact that 6 € R;(W,t;) and therefore, 2¢(v},vs) + 1 < S’. Therefore, all of the
requests ¢ visited in Step 12 are indeed visited by the walk W.

We now relate the total reward covered by W to the reward contained in the true
requests o; corresponding to o € Cov(W’,I’,S"). To do so, we first note that with constant
probability each such request is reachable by W.

> Claim 20. For each i, o; € R;(W,t;) with probability at least 1/3.

Proof. Recall that by definition we have o, = M (0;) and so, 20(v},v;) +1 < 2Ap +1< 5.

So the request o always satisfies the second requirement in the definition of the reachable
set R;(W,t;). Let us now consider the first requirement and recall that ¢; = t; + e K where
e € {—1,0,1}. We will now argue that t; € [r;,d; — 1 — £(v},v;)] for at least one of the three
choices of €. The claim then follows from the uniformly random choice of e.

1. If t; € [r;,d; — 1 — £(v}, v;)], then the claim holds for € = 0 and ¢; = .

2. Suppose that t; < r;. Then, for e = 1 we have that t; =t + K > r} + 7y > r;, and also
t; = t;—‘-K <ri+K< di—me—FLmin/Q and thus t; = t;-l—K <d; —I—E(UE,’LLL‘) since
(v}, v;) < App < Lypin /2. Thus, in this case we have t; = t, + K € [r;,d; — 1 — (v}, v;)]
with the choice of € = 1.

3. Finally, suppose that ¢; > d; — 1 — £(v},v;). Then, for e = —1 we have that t; = ¢, — K <

d;—S"—7y <d;— 95" and thus t; — K < d; —1—£¢(v},v;) since §" > 2Ap+1 > (v}, v;)+ 1.

Also, t; =t, — K > d; — 1 — £(v;,v]) — Lnin/2 > i + Liin/2 — €(v;,v]) — 1 and thus
ti — K > r;, since £(v;,v;) < Ay < Lpnin/2. Thus, in this case we have obtained that
t;=t, — K € [r;,d; — 1 — £(v},v;)] with the choice of e = —1.
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We are now ready to prove Lemma 7 via a matching-type argument. To account for the
reward covered by the walk W constructed by the algorithm, we will employ a standard
charging scheme. Every time the algorithm takes a detour to cover some true request & from
a predicted request o} in Step 12, we will credit half of the earned reward 75 to & itself, and
half of the reward to the request o;. Formally, let Cr(o) denote the total credit received by
o € I. Then during Step 12 we will increment both Cr(6) and Cr(o;) by 75/2.

Now consider some o; € I corresponding to o, € Cov(W’,I',S"). By Claim 20, this
request is in R;(W,t;) with probability at least 1/3. If at time t;, the request has already
been covered by W, then we get Cr(o;) > m;/2. Otherwise, we pick a § € R;(W,t;) with
7 > m;, and therefore, once again we get Cr(o;) > m;/2.

Putting everything together, we get

E[Rew(W,1,8)] = E [Z Cr(a)] > 3 E [%1@ € R(W, ti)]}

oel i:0l€Cov(W',I',8")

e
> 3

i:0l€Cov(W',I',5")

Zéi Z !

PM o1 eCov (W, 1,57)

Y
W =

—_

1
= — Rew(W',I,S
o ( )

This completes the proof of the lemma.

7 Lower bounds

In this section, we present lower bounds that complement our results. First, we will motivate
the need for predictions in Section 7.1. Then, in Section 7.2 we will show that the competitive
ratio of TW-TSP with predictions must scale linearly with the error in locations. Finally, in
Section 7.3 we argue the need for non-zero service times in the definition of TW-TSP with
predictions.

7.1 Lower bounds for online TW-TSP without predictions

We argue that Online TW-TSP does not admit any reasonable competitive ratio in the
absence of predictions. In the case of deterministic algorithms where their entire behavior
is predictable, simple instances with only 2 vertices and appropriately small time-windows
suffice to argue that no bounded guarantee for the approximation ratio is achievable.

» Lemma 21. The competitive ratio of any deterministic online algorithm for Online
TW-TSP on instances with Lyin < D is unbounded.

Proof. Let DET be any deterministic algorithm and let G be the line graph with just two
vertices v1, v9 connected via an edge of length D. Since DET is deterministic, we can assume
knowledge of its position at any step t as soon as we have specified all requests with release
time < t. We will now construct a request sequence I that uses the information.

For the first D time-steps, we don’t release any request. Then, at t = D, let vp € {v1,v2}
be the position that DET’s walk is currently at and likewise let v}, be the other vertex of
G. We construct the first request to be o = (v, D, D + L, 1) for any L < D. Clearly, DET
cannot service this request as even for L = D it arrives on v, at deadline and cannot service
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it for one step. Then, we don’t release any new request for the next 2D steps, and at ¢t = 3D
we repeat the same process, by requesting the vertex that DET doesn’t currently occupy.
Likewise, we repeat the same process at t = 5D, t = 7D etc. Independently of the size of our
request sequence, the total reward collected by DET is 0.

On the other hand, it is not hard to see that if our request sequence I has N requests in
total, then OPT(G, I,1) = N. This is due to the fact that requests are spaced 2D-steps from
each other, and thus an optimal offline algorithm that had knowledge of the entire sequence
in advance would always be able to arrive at each request on time, servicing it within its
respective time-window. |

For randomized algorithms, a slight improvement can be achieved. In particular, the
randomized algorithm that picks a vertex uniformly at random and then remains idle on it
for the entire sequence achieves a competitive ratio of 1/n. It turns out that this is actually
the best possible ratio that a randomized algorithm can achieve on Online TW-TSP:

» Theorem 8. The competitive ratio of any randomized online algorithm for Online TW-TSP
on instances with Ly, < D is at most 1/n.

Proof. Let G(V, E,{) be the uniform complete graph of n = |V vertices, where all edges have
a length of D. Fix any integer N and let vertices vi,vs,...,vx € V be drawn independently
and uniformly at random. Next, we fix any window length L < D and consider the (random)
request sequence on these vertices I = {o;}¥, for o; = (v;, (2i —1)D, (2i —1)D+ L, 1). From
Yao’s mininmax principle, a lower bound on the (expected) competitive ratio of deterministic
algorithms on this randomized instance will imply the same lower bound for randomized
algorithms.

Since the time-windows are spaced 2D-away from each other, it is not hard to see that
for any realization of I, OPT(G,I,1) = N. On the other hand, since D > L, we get that the
only way to service a request is to be on its corresponding vertex on release time. Since the
vertices are random, for any deterministic algorithm this happens with probability precisely
1/n, and thus the expected reward of any deterministic algorithm on this instance is N/n,
proving the claim. |

7.2 Tight dependence on location error

In this section we show that a linear dependency on the location error is unavoidable for any
randomized online algorithm for the TW-TSP with predictions, even assuming exponential
computational power. In other words, we formally prove Theorem 10, which we re-state for
the reader’s convenience:

» Theorem 10. For any S > 0, there exists an instance (G,I,1', M) of the TW-TSP with
predictions satisfying Tar = 0, ppr = 1, and Apy = S such that the competitive ratio of any
randomized online algorithm taking the tuple (G, I',Apr) as offline input and I as online
input asymptotically approaches 1/(S + 1).

Proof. Fix any S > 0 and let K, C and N be integer parameters that will be specified later.
We construct a graph G = Uij\iBlGi that consists of N copies Gy, ...,Gn_1 of the complete
graph on C vertices with all edge lengths equal to .S, arranged in a way so that each vertex
in G; connects to each vertex in G,;41 with an edge of length KS. A pictorial example for
small values of C' and N is shown in Figure 1.

Next, we select independently and uniformly at random one vertex v; from each sub-
graph G; and construct the (randomized) request sequence I = {o;}¥ ;' where we denote
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Go G G Gy

Figure 1 An example of G for C' = 3 and N = 4. Black edges have a length of S and red edges
have a length of KS.

o; = (vi,ri,ri + KS,1) for r; =i - (KS+1). As for the predictions, we simply construct a
second instance I’ in the same manner and offer it as an offline prediction for I. Observe that
for all possible constructions of I and I’ it holds that there exists a matching M between
them with 7oy =0, pps =1 and Aj; = 5, namely the matching that pairs together vertices
from the same sub-graphs. This prediction provides no information to the algorithm other
than the fact that the (true) instance I was constructed via the above randomized approach.
Also, notice that the location error Ap; can be arbitrarily small compared to the window
length L = KS by choosing appropriately large K.

It is easy to see that for all possible realizations of I it holds that OPT(G,I,1) = N.
Indeed, consider the walk that starts from the (random) vertex vg, remains idle for 1 step and
then visits vertex v, remains idle for one step, visits vg, etc. Such a walk would visit each
vertex v; at step t =i - K.S + i = r; and thus would service all the requests in I, achieving
a total reward of N. Next, we will show that the expected reward of any deterministic
algorithm on the random sequence I approaches N/S. Using Yao’s minimax principle, this
will immediately translate to a lower bound that approaches 1/S for randomized algorithms,
completing the proof of the theorem.

Fix any deterministic algorithm for TW-TSP with predictions on instance (G, I, I, M).
Note that since the predictions I’ supply zero information, it suffices to analyze the algorithm
as a deterministic online algorithm for Online TW-TSP on instance I. The key observation
is that due to the fact that both the time windows of the requests and the edges that connect
different sub-graphs have a length of K., it is impossible for the algorithm to know on what
vertex v; of subgraph G; the request is going to arrive before visiting some possibly different
vertex of the same subgraph. In particular, if the algorithm is in subgraph G; for j < i at
time 7;, then it cannot reach vertex v; before the time window of request ¢ ends. Thus, in
order for any deterministic algorithm to serve the request on sub-graph Gj, it first has to
visit some vertex v} of G;. If it so happens that v, = v; then it can immediately service the
request, otherwise it has to travel a distance of .S in order to reach v;.

We partition the set of requests into two sets N, and N_ based on whether the determ-
inistic algorithm happens to arrive on the correct vertex of the sub-graph or not. All the
requests in V4 can be serviced without any extra delay, exactly as done by the optimal walk.
On the other hand, servicing a request in N_ requires the algorithm to spend an extra time
of S in order to transition to the right vertex. Since the time-windows have a length of K.S,
this can be done at most K times before the algorithm runs out of slack to spare. When this
happens, the algorithm would have to skip the next S requests in order to recover enough
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slack to fix its next mistake.

Formally, consider the last request in N_ that the algorithm feasibly serves, call it [.
Let A be the number of requests in N_ the algorithm serves through extra delay prior to [,
and let B be the number of requests the algorithm skips in Ny or N_ prior to . Then in
order for the algorithm to have reached [ before its time window ends, it must be the case
that the total extra delay incurred by the algorithm, namely AS — B, is no more than KS.
Rearranging we get:

A(S+1)— (A+ B) < KS, o, A<4tB KS N

K
SSor1tsr1Ssy1 "

Thus, we get that the total expected reward gathered by the algorithm is at most
N
E[|Ny|]+ A+ 1 <E[|Ni]] + 11 +K+1

Finally, using the fact that E[|N4|] = N/C, we get that the competitive ratio of any
deterministic algorithm on the random instance I is at most

1 K41 1

ct N "5
Choosing N >> K and C sufficiently large, we can make this competitive ratio asymptotically
approach 1/(S + 1) as desired. <

7.3 Comparing the optimal with and without service times

As we saw in Lemma 4, the gap between OPT(G, I, 1) and OPT(G, I, S) depends linearly on
the service time S. In this section, we study the gap between OPT(G, I,1) and OPT(G, I,0),
showing that there exists a much sharper separation between them.

» Theorem 22. For any integers L and D, L < D, there exists an offline instance (G,I) of
the TW-TSP where D is the diameter of the network and every request has a time window

length equal to L, such that OPT(G,I,1) < DLH -OPT(G, I,0).

Proof. Consider the line graph G with vertices vy through vp connected sequentially via
edges of length 1. Clearly, the diameter of G is D. Next, consider the sequence of (D + 1)-
requests I = {o;}2, where o; = (v;,4,L +14,1). Observe that OPT(G,I,0) = D + 1 as
simply following the walk from vy to vp will cover all the requests if the service costs are 0.

On the other hand, it is not very hard to see that OPT(G, I, 1) = L. First, observe that
without loss we can assume that the optimal walk starts on vy. If not, let o; be the first
request served by the optimal. Since o; cannot be served prior to step r; = i, we could
instead start at vy and take ¢ steps in order to reach v; and then follow the original walk,
achieving precisely the same reward.

Our argument is completed by the simple observation that any walk that starts from vg
and has served z requests with service cost 1 cannot visit vertex v; prior to step j 4+ z. Thus,
as soon as x becomes L all the future time-windows will be missed. |

Theorem 22 states that OPT(G, I,0) is a much stronger benchmark than OPT(G, I, 1).
However, it doesn’t exclude the possibility of designing an algorithm that is competitive
against this stronger benchmark OPT(G, I,0). We will next show that no randomized online
algorithm with predictions can obtain a better than linear competitive ratio against this
benchmark. Intuitively, requiring the algorithm to spend non-zero time at each request
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also allows the algorithm to recover from possible mistakes due to the prediction errors by
skipping requests that the optimum services with a delay of 1. A similar approach is not
possible in the 0 service time setting.

» Theorem 9. For any S > 0, there exists an instance (G,1,I', M) of the TW-TSP with
predictions and service times 0, satisfying Tap = 0, ppr = 1, and Ay = S, such that any
randomized online algorithm taking the tuple (G,I',Apr) as offline input and I as online
input achieves a reward no larger than O(1/n) - OPT(G,1,0). Here n is the number of
vertices in G.

Proof. We construct the same graph G = UﬁglGi as in Theorem 10, that consists of N
copies of the complete graph with edge lengths S, connected sequentially with edges of length
K S (see Figure 1). As for the request sequence, we once again select independently and
uniformly at random one vertex v; from each sub-graph G; and construct the (randomized)
request sequence I = {o;} ;! where o; = (v;,iKS, (i + 1)KS — 1,1); notice that release
times are slightly different from Theorem 10 to account for the absence of service costs.

For the predictions, we simply construct a second instance I’ in the same manner and
offer it as an offline prediction for I. By matching the requests on the same sub-graph
together, we get 73y = 0, ppy = 1 and Apy = S. As it clearly holds that OPT(G,I,0) = N
for any realization of I, to prove our theorem it suffices to argue that any deterministic
algorithm for TW-TSP with predictions on instance (G, I,I’, M) gets an expected reward of
O(N/n) and apply Yao’s minimaxz principle. Furthermore, since the prediction I’ does not
provide any information on I, it suffices to bound the reward of deterministic algorithms for
Ounline TW-TSP on (online) instance 1.

Fix any deterministic algorithm for Online TW-TSP on instance I. Observe that since
edges between different sub-graphs have a length of K.S and time-windows have a length of
KS — 1, it is impossible for the algorithm to service some request o; unless at t = r; it is
already in some vertex of sub-graph G;. For the same reason, it is not possible to service any
request o; after servicing some other request o; with i > j. Finally, since all requests can
be reached by their release time if the algorithm starts from a vertex in Gy, we can assume
without loss that this is indeed the case.

We partition our set of N requests into two sets N, and N_ based on whether the
deterministic algorithm happens to arrive on the correct vertex of the sub-graph before the
request’s release time or not. From the random construction of our instance, we have that
E[|N4|] < N/C. For requests in N_, if the algorithm wishes to service them it has to take
a detour of length S in order to reach the correct vertex. Our proof relies on the fact that
after servicing K requests in N_, the algorithm can no longer service any other request. To
see this, let v; be the K-th request in N_ that was serviced by the deterministic algorithm.
As we can already established, any request v; with ¢ < j can no longer be serviced. On
the other hand, since without loss the algorithm starts at a vertex of Gy, just reaching a
vertex in G; while taking K detours of length S requires at least iKS + K > d; time-steps.
Putting everything together, we get that the expected reward of the algorithm is at most
N/C + K = O(N/n) by setting K = O(1) and N = 2K, since n = NC. <
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