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Abstract

This paper concerns the mechanism design for online scheduling in a strategic setting.
In this setting, each job is owned by a self-interested agent who may misreport the release
time, deadline, length, and value of her job, while we need to determine not only the
schedule of the jobs, but also the payment of each agent. We focus on the design of
incentive compatible (IC) mechanisms, and study the maximization of social welfare (i.e.,
the aggregated value of completed jobs) by competitive analysis. We first derive two lower
bounds on the competitive ratio of any deterministic IC mechanism to characterize the
landscape of our research: one bound is 5, which holds for equal-length jobs; the other
bound is - +1—o0(1), which holds for unequal-length jobs, where x is the maximum ratio
between lengths of any two jobs. We then propose a deterministic IC mechanism and show
that such a simple mechanism works very well for two models: (1) In the preemption-restart
model, the mechanism can achieve the optimal competitive ratio of 5 for equal-length jobs

and a near optimal ratio of (ﬁ + 0(1)) - for unequal-length jobs, where 0 < € < 1

is a small constant; (2) In the preemption-resume model, the mechanism can achieve the
optimal competitive ratio of 5 for equal-length jobs and a near optimal competitive ratio
(within factor 2) for unequal-length jobs.

1. Introduction

Online scheduling has been widely studied in the literature (Baruah, Koren, Mao, Mishra,
Raghunathan, Rosier, Shasha, & Wang, 1992; Baruah, Haritsa, & Sharma, 1994; Porter,
2004; Zheng, Fung, Chan, Chin, Poon, & Wong, 2006; Ting, 2008), where each job is char-
acterized by a release time, a deadline, a length, and a value for its successful completion
by the deadline. Inspired by emerging areas like computational economics and cloud com-
puting, we consider a strategic setting of the online scheduling problem, where each job is
owned by a self-interested agent and she may have the incentive to manipulate the schedul-
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ing algorithm in order to be better off. To be specific, the agent may deliberately delay the
release time of her job, inflate its length, and misreport its value and deadline.

Given this situation, a carefully designed online scheduling mechanism is needed to
regulate the strategic behaviors of the agents and to (approximately) optimize some system
objectives. In this work, we focus on the maximization of social welfare, i.e., the total
value of completed jobs.! We use competitive analysis (Lavi & Nisan, 2004) to evaluate
the performance of such a mechanism, which compares the social welfare implemented by
the mechanism (without any knowledge of all future jobs) with that of the optimal offline
allocation (with the knowledge of future jobs).

In this work, we consider two scheduling models: the preemption-restart model (Ting,
2008) and the preemption-resume model (Porter, 2004). Once preempted, jobs in the first
model have to restart from the beginning; while jobs in the second model can resume from
the break point. Since preemption is always assumed in this work, the two models are also
referred to as restart model and resume model, respectively, and their involved jobs are
called non-resumable and resumable, respectively.

1.1 Problem Formulation

We consider online scheduling models with infinite time period 7" = R>q. Suppose there
is a single machine that processes at most one job at any given time. Jobs come over
time, and we use J to denote the set of jobs. Each job j € J is owned by a self-interested
agent (which is also denoted as j for simplicity); and it is characterized by a private type
0; = (rj,dj,lj,v5) € T x T x Rsg x Rsg, where 7; is the release time?, d; is the deadline,
l; is the length (i.e., the processing time), and v; is the value if the job is completed by its
deadline.

A resumable job j is completed if and only if it is processed for [; time units in total
between its release time 7; and deadline d;, while a non-resumable job j is completed if and
only if it is processed for [; consecutive time units between its release time r; and deadline
d;.

Let £ = max; jc J% be the maximum ratio between the lengths of any two jobs. For
simplicity, we assume all job lengths are normalized, i.e., [; € [1, x| for all j € J, and assume
+ is known in advance following the practice in the work of Chan et al. (2004) and Ting
(2008).

We study direct revelation mechanisms, in which each agent participates by simply
declaring the type of her job 9 = (7, d], l],vj) at time 7;. We use 6 to denote the profile
of reported types of all the agents. Given the declared types of the agents, a mechanism
M is used to schedule/allocate the jobs and determine the payment of each agent. Here we
only consider “reasonable” mechanisms which (1) do not schedule a job after its reported
deadline and (2) do not schedule a job once it has been processed for a reported length.

Given a certain mechanism M and a job sequence é, we use qj(é, t) to denote whether
job j is completed by time ¢ (if it is completed, g¢; (é, t) = 1; otherwise qj(é,t) = 0). Then

1. It is also referred as weighted throughput in the scheduling literature.

2. Note that release time is also referred as arrival time in the online auction literature (Parkes, 2007). It
is the earliest time at which the agent has full knowledge of her job. Thus it is the earliest time the job
is available to the scheduling process.
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the value that agent j extracts from the mechanism can be represented by qj(é, dj)v;, and
the social welfare of the mechanism can be represented by W (M, 0) = 3. ¢;(0, d;)v;.

~

Let p;(6) denote the amount of money that the mechanism charges agent j. We as-
sume that agents have quasi-linear preferences (Nisan, 2007), i.e., the utility of agent j is
u;(0,0;) = ¢; (0, dj)v; — p;(6).

Since agents are self-interested, they may misreport their types in a strategic way. It is
easy to see that the misreport of a shorter length is a dominated strategy; otherwise, her
job cannot be completed even if it is scheduled by the mechanism (since l}- < lj). Therefore,
the agents will not underreport the lengths of their jobs. Similar to the work of Porter
(2004), we assume that the system will not return a completed job to agent j until cij.?’ In
this way, we restrict the agent’s report to be Jj < d;. In addition, we assume that no agent
has knowledge about her job before its release time, so we also have 7; > r;.

Considering the potential misreport of the agents, we are concerned with incentive
compatible and individually rational mechanisms. A mechanism is incentive compatible
(IC) if, for any agent j, regardless of the behaviors of other agents, truthful reporting
her own type maximizes her utility. A mechanism is individually rational (IR) if for each
job j, truthful reporting leads to a non-negative utility. In addition, we would also like the
mechanism to (approximately) maximize social welfare. We say a mechanism M is (strictly)
c-competitive if there does not exist any job sequence 6 such that ¢- W (M, 0) < W (opt, §),
where opt denotes the optimal offline mechanism®. Sometimes we also say that M has a
competitive ratio of c.

1.2 Related Work

The online scheduling problem has been studied in both the non-strategic setting (Lipton &
Tomkins, 1994; Borodin & El-Yaniv, 1998; Bar-Noy, Guha, Naor, & Schieber, 2001; Zheng
et al., 2006; Kolen, Lenstra, Papadimitriou, & Spieksma, 2007; Ting, 2008; Nguyen, 2011)
(whose focus is algorithm design) and the strategic setting (Nisan & Ronen, 2001; Lavi &
Nisan, 2004; Friedman & Parkes, 2003; Porter, 2004; Hajiaghayi, Kleinberg, Mahdian, &
Parkes, 2005; Parkes, 2007) (whose focus is mechanism design).

Non-strategic setting. For the case of kK = 1, a lower bound of 4 on the competitive
ratio of any deterministic algorithm is given by Woeginger (1994). A 4.56-competitive
deterministic algorithm is constructed by Zheng et al. (2006) for the restart model, and
a 4.24-competitive deterministic algorithm is designed by Kim (2011) for both restart and
resume models. A 2-competitive randomized algorithm is introduced for restart model in
the work of Fung et al. (2014), and a lower bound of 1.693 is provided in the work of Epstein
and Levin (2010). By restricting release time and deadlines to be integers, a randomized
algorithm with competitive ratio -4 ~ 1.582 is proposed by Chin et al. (2006), and a

deterministic algorithm with competitive ratio 2v/2 — 1 ~ 1.828 is proposed by Englert et

3. Actually, it should be viewed as a decision by the mechanism designer rather than an “assumption”.
This decision is crucial to ensure the incentive compatibility which we will see later.

4. Since we only care about the social welfare performance of opt in the competitive analysis, which only
depends on the schedule, regardless of the payments, we also call opt as ”optimal offline allocation”, or
simply “optimal allocation”.
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al. (2012). The best lower bounds currently are 1.25 for randomized algorithms (Chin &
Fung, 2003) and 1.618 for deterministic algorithms (Hajek, 2001).
For general values of x, a lower bound of \/k on the competitive ratio of any deterministic
algorithm is derived in the work of Chan et al. (2004). The lower bound is improved to
“— — 1 by Ting and Fung (2008), and an algorithm with competitive ratio % + O(K5/9)

2Ink
is given for the restart model. The scheduling problem with discrete time is considered in

the work of Durr, Jez and Nguyen (2012). In particular, the lower bound is improved to

= —o(1), and a (3 + o(1)) £=-competitive algorithm is designed for the resume model. A

log Kk )

randomized algorithm with competitive ratio O(log(x)) and a lower bound of Q(y/ 230+

is provided by Canetti and Irani (1998).

Assuming the maximum ratio between the value densities (value divided by length) of
any two jobs is bounded above by a known number p, a (1+ \/ﬁ)z-competitive algorithm is
given by Koren and Shasha (1995). The bound (1 + ,/p)? is optimal as a matching lower
bound is given by Baruah et al. (1992).

There is also a rich literature concerned with non-preemptive scheduling (Lipton &
Tomkins, 1994; Goldman, Parwatikar, & Suri, 2000; Goldwasser, 2003; Ding & Zhang,
2006; Ding, Ebenlendr, Sgall, & Zhang, 2007; Ebenlendr & Sgall, 2009). However, it can
be easily verified that an algorithm with bounded competitive ratio cannot be designed in
the setting of unrestricted values and arbitrary release time. Therefore, the most common
assumption added in the non-preemptive scheduling problem is proportional values, i.e., the
value of each job is proportional to the length. In the work of Goldman et al. (2000), a
tight upper and lower bound of 2 are given for the deterministic competitiveness when all
jobs have equal length (thus, equal value), and a 6(|logy x| + 1)-competitive randomized
algorithm is provided for general value of k, matching the Q(log k) lower bound (Lipton &
Tomkins, 1994) within a constant factor.

Strategic setting. In the work of Lavi and Nisan (2015), by assuming integer time
points, a scheduling problem for the k = 1 case is studied. The authors show that there
is no incentive compatible mechanism which can obtain a constant competitive ratio, if
the payment must be made when the job is completed. Hence, they propose a family of
“semi-myopic” algorithms with competitive ratio 3, under the assumption of semi-myopic
strategies. In the work of Hajiaghayi et al. (2005), a specific scheduling problem in which
k = 11is considered under the restart model. A deterministic IC mechanism with competitive
ratio 5 is designed, and a lower bound of 2 is given to any deterministic IC mechanism.
However, to our knowledge, the case k > 1 in either the restart model or the resume model
has not been studied from the perspective of mechanism design (considering the incentive
issues). Our work fills this gap.

Assuming the maximum ratio between the value densities (value divided by length) of
any two jobs is bounded above by a known number p, an IC mechanism with a competitive
ratio of (1+,/p)? + 1 is designed by Porter (2004), and it is proved that (1+ ,/p)>+1is a
lower bound of the competitive ratio for any deterministic mechanism.

Recently, online scheduling mechanisms have been investigated in cloud computing (Za-
man & Grosu, 2012; Azar, Ben-Aroya, Devanur, & Jain, 2013; Zhang, Li, Jiang, Liu,
Vasilakos, & Liu, 2013; Lucier, Menache, Naor, & Yaniv, 2013; Mashayekhy, Nejad, Grosu,
& Vasilakos, 2014; Wu, Gu, Li, Tao, Chen, & Ma, 2014). In these works, mechanisms are
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designed to allocate computational resources to users, and users can use those virtual ma-
chines during the entire period requested. In these model, jobs are non-preemptive, which
differs from our setting.

1.3 Our Results

Our main results can be summarized as follows.

First, in order to characterize the boundary of our research, we derive two lower bounds
on the competitive ratio for any online deterministic IC mechanism. One bound is 5, which
holds for the situation where all the jobs have equal length (i.e., K = 1). This bound
improves the previous lower bound of 2 (Hajiaghayi et al., 2005). The other bound is
e+ 1—o0(1), which characterizes the asymptotical property of the competitive ratio when
the variance of job lengths, i.e., k, is sufficiently large.

Second, we design a simple mechanism I'y and prove that in both the restart and resume
models I'y is not only IC, but also achieves good social welfare.

e In the restart model, I'; has a competitive ratio of Kk +2+ (1+ %)“ when « is small (in
K

particular, the ratio is 5 for k = 1), and (ﬁ +0(1)) - &% when & is large (k > 16

Ink
is enough), where 0 < € < 1 is a small constant.

e In the resume model, I'y has a competitive ratio of (:‘i + 1)1+ 1)” + 1 when & is
small (in particular, the ratio is 5 for k = 1), and (( 2 + o(1)) - ;= when & is large
(k > 16 is enough), which is just slightly worse than that for the restart model (within
a factor of 2).

It is also worth mentioning that:

e Comparing with the lower bounds, we can see that, in both the restart and resume
models, I'; is optimal for equal-length jobs (k = 1), and near optimal (within a
constant factor) for unequal-length jobs.

e In comparison with the best-known algorithms without considering incentive compat—
ibility, asymptotically speaking, F1 improves the best-known ratio lfg’*ﬁ —|—O(/<;6) (Ting,

2008) in the restart model to (( o9z T 0(1)) - ;2-; and improves the best-known ratio
(340(1)) - ;- (Diirr, Jez, & Nguyen, 2012) in the resume model to ((1 BE +o(1)) =

Ink*
Thus even if one does not care about the strategic aspect, I'1 would still be a very

nice algorithm to use.

Note that designing mechanisms for online scheduling problems is generally difficult
since it combines the challenges of mechanism design (i.e., ensuring incentive compatibility)
with the challenges of online algorithms (i.e., dealing with uncertainty about future inputs).
We would like to highlight the main techniques used in this work to tackle these challenges.

(1) The allocation rule of mechanism I'y uses a carefully selected function to trade-off
three key elements: value, length, and degree of completion. The trade-off function is
delicate in the sense that it ensures both the efficiency and the monotonicity which is
crucial to the incentive compatibility.
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(2) In order to obtain good competitive ratios for the resume model, we design two non-
trivial virtual charging schemes to bound the performance of the proposed mechanism:
the integral charging scheme and the segmental charging scheme.

While we focus on single machine model in this paper, our work extends to multiple
identical machines. One way of the extension is similar to the work of Lucier et al. (2013),
in which it is assumed that at most i machines can be allocated to each job at any given
time, and the parameter h stands for a common parallelism bound of the system. The
details of this extension can be found in Appendix E. Another way to extend our results to
multiple identical machines is to assume that each job j needs a fixed number of machines
when it is processed. Please refer to our working paper (Ma, Zheng, Qin, Tang, & Liu,
2014) for more details.?

2. Lower Bounds

In this section, we present two lower bounds on the competitive ratio of any deterministic
IC mechanism, which hold for both the restart and resume models.

The competitive analysis can be interpreted as a game between the designer of the online
mechanism and an adversary. Given mechanism I'1, the adversary selects the sequence of
jobs that maximizes the competitive ratio, the ratio of the social welfare obtained by an
offline optimal algorithm over the social welfare obtained by I';. Therefore, the key of
proving lower bounds is to construct subtle adversary behaviors.

We first introduce two notions, the dominant job and the shadow job.

Definition 2.1 (Dominant Job). For a deterministic IC mechanism with competitive
ratio ¢, job i is called a dominant job at its release time r;, if and only if v; is larger than
c times the total value of all other jobs whose release time is no later than r;.

It is easy to see that, in order to obtain a reasonable competitive ratio, if a dominant job
i has a tight deadline, then the mechanism must schedule i at its release time r;. Otherwise,
consider the case in which no more jobs are released after r;. In this case, the mechanism
cannot obtain a competitive ratio of ¢ if it gives up the dominant job i.

Definition 2.2 (Shadow Job). Suppose a job i has a tight deadline, i.e., d; = r;+1;, then
job i’ is called a shadow job of i, if i’ has the same parameters (r;,l;,v;) as i, except for a

later deadline (d} > d;).

Clearly, the shadow job ¢’ is more flexible and can be completed later. As for shadow
jobs, we show that the following lemma holds for any IC mechanism with a non-trivial
competitive ratio.

Lemma 2.3 (Shadow Job Argument). For a deterministic IC mechanism I' with a
non-trivial competitive ratio c, if T' completes a job i (with tight deadline d;) under some
scenario I, then under scenario I', which substitutes some shadow job i’ for job i, I' must
also complete job ' at time d;.

5. In the working paper, we only consider the restart model, and ignore the misreport of release time or
deadline.
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Proof. Suppose I' has not completed job i’ at d; under scenario I’, we could consider a sub-
sidiary scenario I”, which includes all jobs in scenario I’ and adds on several dominant jobs.
Remember that we call some job dominant if its value is sufficiently large (see Definition 2.1).
These dominant jobs are released one by one at d;,d; + 1,...,d; + |d, — d;] respectively,
and denoted as 0,1, ..., |d; — d;| accordingly, where d; is the deadline of job i and d is the
deadline of shadow job #’. What’s more, each of these dominant jobs is of unit length and
has a tight deadline. We claim that, to achieve the desired (non-trivial) competitive ratio,
I' must complete all these dominant jobs, thus the time interval [d;, d}) is occupied. (The
reason is as follows: if I" does not schedule any dominant job j € {0,1,...,|d, — d;]}, then
we consider a scenario I"”, which only includes jobs with release time no later than d; + j
in I”. Since scenario I"” is indistinguishable from I” up to time d; + j, we know I does not
schedule the dominant job j in scenario I, hence cannot obtain a competitive ratio of c.)

Because the subsidiary scenario I” is indistinguishable from scenario I’ up to time d;,
job 4/ will not be completed at d;. Furthermore, because of the existence of dominant jobs,
job 7" will not be completed finally. However, if job ¢’ falsely declares its type to be the
same as that of job ¢, i.e., misreports its deadline to be d;, it would be completed at time
d; and be better off, contradicting the incentive compatibility®. O

In the following, we will derive lower bounds leveraging Lemma 2.3. First, the following
theorem specifies a lower bound when jobs have equal length (i.e., Kk = 1). Note that our
result concerns the strategic setting, while Woeginger (1994) shows that the competitive
ratio of any deterministic algorithm in the non-strategic setting is at least 4.

Theorem 2.4. When k = 1, no deterministic IC mechanism can obtain a competitive ratio
less than 5.

To prove the theorem, in addition to using an adversary argument similar to that in the
work of Woeginger (1994), we need to further perturb the job sequence and leverage the
shadow job argument.

Intuitively, we construct a special job set, in which tight-deadline jobs are released one
by one, and any two jobs collide with each other (that is, the deadline of one job is later than
the release time of the other, and under any mechanism, it is impossible for these two jobs to
be both completed). The values of these jobs are carefully selected such that a later released
job is more valuable than the earlier one (predecessor), and the value difference between
such two neighboring jobs is constrained by a small-enough additive constant. Furthermore,
in such a job set, the values of the first and last jobs are set to obey a specific amplification.
Along with the execution of any mechanism, the adversary would release a series of such job
sets. Once the mechanism completes one job, the adversary stops releasing any job. The
subtleness lies in choosing the time to release such job sets: once the mechanism almost
completes some job a in a job set, the adversary may release a new job set whose jobs
all collide with job a but do not collide with the predecessor of job a. In this way, if the
mechanism would not abandon the current job a but complete it, then there should be an
optimal allocation which completes: (1) several jobs in the previous job sets, (2) the most

6. The above scenario contradicts the monotonicity condition (see a strict definition at start of Section 3.2);
And Theorem 1.15 of the work of Parkes (2007) shows that monotonicity is necessary for incentive
compatibility.
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valuable job (i.e., the last job) in the newly released job set, and (3) the job a.” However,
the mechanism can only complete job a. This discrepancy leads to the lower bound of
competitive ratio. The detailed proof can be found below.

Figure 1: Structure of SET (v, w,t,d)

Proof. Suppose by contradiction that there exists a deterministic IC mechanism I' which
achieves a competitive ratio of 5 — e for some 0 < ¢ < 1. We adopt the notation of SET
introduced by Woeginger (1994). Define SET (v, w,t,d) (for w > v > 0, ¢t > 0 and § > 0)
as a set of jobs {1,2,...,q} satisfying the following properties:

(1) v1 =v, vg =w, and vj < vjq41 <vj+6 for 1 <j < g—1. Hence, ¢ can be any integer

no less than [“5%]. We call § as the magnifying parameter of a SET.

(2) lj =dj —r; =1,Y5, ie., all jobs are unit-length and have tight deadlines.

(B) 0<r; < - <rg<t<d <---<dg thus, any two jobs collide with each other. We
call ¢ as the split point of a SET.

We define the release time of a SET as the release time of its first job. Figure 1 shows the
visual structure of SET (v, w,t,d). The adversary behavior is as follows.

Adversary Behavior: The adversary will release some SET's one after another depending
onI'. First, SETy = SET(1,,1/2,0) is released at time 0, where « =4 —¢/2 and § < €/4.
From the definition of SET, we know that the first job in SET{ has value 1, the last job
in SETy has value «, and the value difference between any two neighboring jobs is upper
bounded by 4.

Next, we specify: (1) when will the adversary release a new SET;(i > 1), and (2) how
the adversary sets the parameters of SET;(i > 1). For (1), we specify by Algorithm 1. The
notations used in Algorithm 1 are detailed in Table 1.

7. In the proof, we construct a new scenario, in which job a is perturbed to have later deadline, thus can
be completed later. We make use of the shadow job argument in the analysis, which makes the lower
bound increased by 1, compared with the previous lower bound in the non-strategic setting.
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Table 1: Summary of notation in the proof of Theorem 2.4

SET‘Z i-th released SET, in full, SET(UH, Wy, ti, (51)
job j j-th job in SET;.
i, d;j and v;; release time, deadline and value of job ij.

w; value of the last job in SET;
t; split point of SET;
0 magnifying parameter of SET;

job * trigger job in SET;_;

job 1 the preceding job of ¢* in SET;

Algorithm 1: The Adversary Behavior
1: Initial: Release SET; at time 0.
2: while I' has not completed any job, do

3. if ' almost completes the j-th job (j > 2) in SET; (Precisely, I' has been executing

job ij for d;(;_1) — ri; period of time since r;;). then
4 Release SET;11 at time d;(;_y).
5 else
6: Do not release any other job.
7. end if
8: end while

It is worth mentioning that: (i) SET;4; is only triggered when a non-first job in SET;
is almost completed, and we call such a job a trigger job. (ii) No more SET will be released
once some job is completed by I'.

Suppose the trigger jobs in SETy, ..., SET; 1 are named 1*,...,7* successively. Ac-
cordingly, we denote the job with release time just earlier than each trigger job as 1,...,4
and we call them preceding jobs. From Line 4 of Algorithm 1, we know that each new SET;
is released at the deadline of ¢. Note that trigger job i* and its preceding job 7 are both
located in SET;_;.

We now specify the parameters of SET; = SET (vi1,w;, ti,0;), i > 1. Remember that

SET) is defined as SET'(1,a,1/2,6), in which « =4 —¢/2 and § < €/4.

e The adversary sets v;; equal to the value of the trigger job ¢* in SET; i, that is
v = v;1. Note that v;; is the value of the first job in SET;.

e The adversary sets §; = §/2%, w; = max{(a — 1)vy; — 23;11 vj1,v1} for i > 2, and
w1 = (Ol — 1)1111.

e The adversary sets t; = (d;« + d;)/2, where d;« and d; are deadlines of trigger job i*
and its preceding job i. Note that by setting t; = (dg + d:)/2, all jobs in SET; are
released after d; but before d;«. Hence, all the new jobs collide with trigger job :* and
none of them collides with job 4.

Figure 2 illustrates how the adversary releases a new SET by an example. In this
example, I' almost completes the j-th job (j > 2) in SET;. SET;;; is released at the
deadline of job i(j — 1), and the value of the first job of SET; ; is equal to v;;.

437



CHEN, Hu, Liu, MaA, QIN, TANG, WANG & ZHENG

Figure 2: An example of SET;,; and SET;

According to Algorithm 1, if ' always gives up trigger jobs and switches to schedule
some job in the newly released SET, the adversary will release new SFET's one after another.
One may wonder whether the adversary will release new SFET's infinitely. In other words,
will subscript of SET; tend to infinity?

The answer is no, which can be seen from the definition of w;. Since 2 < a < 4, by
Lemma 4.3 of the work of Woeginger (1994), after a finite number (denote k) of steps, vi1
must be no less than the corresponding sum term (o — 1)vg; — Zf;ll vj1, and wy = Vg
must hold. Remember that vi; and wy denote the value of first job and last job in SETj
respectively, thus there exists only one job in SET. According to Algorithm 1, no matter
whether I" completes this job or not, the adversary will not release any other job. Therefore,
S ETy is the ultimate SET and job k1 is the ultimate job.

So far, we have clarified the adversary’s behaviors. Next, we show how to derive the
lower bound based on such an adversary.

According to Algorithm 1 and the structure of SET, we know the adversary allows I"
to complete at most one job. Actually, the completed job can be: (1) the first job in SETj
(i.e., job 01); (2) a trigger job i*, 1 < i < k; or the first job in SET;, 1 < i < k (i.e., job
i1); or (3) the ultimate job k1. Let us analyze them one by one.

(1) If T completes job 01, then we consider a scenario in which job 01 is substituted by its
shadow job 01’, whose deadline is late enough (i.e., even if it started being executed
from the deadline of last job in SETy, it still can be completed in time). According
to Lemma 2.3, mechanism I' must complete job 01’ at time 1, and thus abandon the
last job (with value wg = «) in SETy. Therefore, it only obtains a social welfare of
vo1 = 1. However, the optimal allocation (which first completes the last job in SET)
and then job 01’) obtains a social welfare of az+ 1. This contradicts the fact that T
has a competitive ratio of 5 — €, since a +1= (4 —¢/2) +1> 5 —e.

(2) If T’ completes a trigger job i* or a job il, 1 < i < k, without loss of generality,
we denote such job as job ij, and we know v;; = v;+ = v;1. If I' completes job ij,
1 < ¢ < k, then similarly, we consider a scenario in which job 45 is substituted by
its shadow job (i7)’, whose deadline is late enough. By Lemma 2.3, T' must complete
job (ij)" at time d;;, obtaining a social welfare of v;; = v = v;;. However, social
welfare of the optimal allocation (which completes jobs 1,... .1, the last job in SET;,
and then job (ij)") is at least Z§:1 v + w; + vij > Z;Zl(vjl — 1) +wi + v >
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Eé‘:l Vi1 — 20 + (@ — Vv — z;;ll Vi1 + Vi > (a + 1)7)2'1 — 6/2 > (b — G)Uil. This
contradicts the fact that I" has a competitive ratio of 5 — e.

(3) If ' completes the ultimate job k1, we consider a scenario in which the adversary
releases two copies of job k1 in SET}). Clearly, in this scenario, I' will choose one
copy to complete. We denote the completed copy as job (k1); and the other as job
(k1)2. We then consider a scenario in which job (k1); is substituted by its shadow job
(k1)’, whose deadline is unit-time later than that of job k1. According to Lemma 2.3,
I’ must complete job (k1)" at dg; and obtains a social welfare of vg;. However, the
optimal allocation (which completes jobs 1,...,k, job (k1)2, and then job (k1)') can
obtain a social welfare of at least 2?21 V5 4 Vg1 + Vg1 > Z?Zl(vﬂ —0j_1) +wi + v >

Z?Zl vj —20+ (a—1)vg — Z?;l vj1+ g1 > (+1)vg —€/2 > (5—€)vk. Remember
that in SETy, we have v = wr, = (o — 1)vgg — 25;11 vj1. This contradicts the fact
that I" has a competitive ratio of 5 — €.

O]

Second, to understand the asymptotic property of the lower bound when & is large, we
construct scenarios inspired by the example of Durr et al. (2012) and obtain the following
theorem.

Theorem 2.5. When k is sufficiently large, no deterministic IC' mechanism can obtain a
competitive ratio less than - + 1 — o(1). In particular, no deterministic IC mechanism
can obtain a competitive ratio less than - + 0.94 for k > 16.

Proof. For convenience of analysis, we denote a = -, 7 = [a] — 1, and assume x > 16.
Let us consider the following adversary behaviors.

Adversary Behavior: At time 0, a long job B with type 0 = (0, K, k, ) is released, as
well as two short jobs a; and a1 with the same type (0,1,1,1). Moreover, at each integer
moment 0 <t < k — 1, if the mechanism schedules only job B in [0,t), then two short jobs
at+1 and ay41 of unit length are released at ¢, with tight deadline ¢ + 1, and no new job is
released otherwise. The values of jobs a; and a; satisfy:

1 if t < a,

v(ar) = v(ar) = { P (1)

ea ift> .
Note that job a; and job a; are of the same type, and the cases analyzed below for a;, can
be naturally applied to a,.
According to the adversary behavior, we know the adversary allows I' to complete at
most one job. Actually, the completed job can be: (1) a job as, with tg < «; (2) a job ay,
with t9 > «; or (3) job B. We analyze these three cases as follows.

(1) If the mechanism schedules a job at, with ¢y < «, then we consider a scenario that
includes jobs B, a1, a1, ..., a4 1,051, g, and job aj . Here, job aj, with type (to —
1,k +1,1,1), is a shadow job of ay,. According to Lemma 2.3, the mechanism must
complete job a; at to and only obtains a social welfare of 1. However, in this scenario,
the optimal mechanism will complete job B first, and then schedule ago at time x and
complete it, with the optimal social welfare o + 1. So the ratio is o + 1.

439



CHEN, Hu, Liu, MaA, QIN, TANG, WANG & ZHENG

(2) If the mechanism schedules a job at, with 9 > «, then we consider a scenario that
includes jobs B, a1, a1, ..., a4-1,Gy—1, a4, and job ay . Here, job aj, with type (to —
1,to+1,1,et/ a=1) 'is a shadow job of as,. According to Lemma 2.3, the mechanism
should schedule job a at time ty and complete only aj . Thus, the mechanism
only obtains a social welfare of v(a},). However, one of the optimal mechanisms will
schedule and complete all jobs a; for t = 1,...,tp, and then schedule aéo at time tg
and complete it, resulting in the following optimal social welfare

LA to i t to o, to
fal =1+ Yo el ae Ty 3 ed etz [Tty
t=[a] t=r+1 r

—r —aea '+ (a+ 1)6%0_1 = fla,r) + (o + 1)6%0_1 = f(a,7) 4+ (o + 1)v(ay,).

Here, we have introduced a function f defined as f(a,7) =7 — aeat. Considering
a= = and r =a—1, we have a —r € (0,1]. As e” > 14z and both sides converge
to 1 as x approaches 0, we have

f(a,r):r—aei_lgr—a-gzo, (2)

and f(a,r) approaches 0 as k grows. So the ratio is a+ 1 — o(1).

(3) If the mechanism schedules and completes job B, obtaining a social welfare of «,
then we consider a scenario that includes jobs ay, a1, ..., asx, a, and job B’. Here, job
B’ with type 0 = (0,2k, K, ), is a shadow job of B. Similarly, we claim that an
IC mechanism should schedule job B’ at time 0 and complete it at time x. Thus,
the mechanism only obtains a social welfare of v(B’). However, one of the optimal
mechanisms will schedule and complete all x small jobs a; from t = 0 to xk — 1, and
then schedule and complete job B’. This leads to a social welfare at least

K K &
fal=1+ Y et lha=rs Y e lrazrs [ eila
t=[a] t=r+1 T
:T_aeg—l-i-ae%_l-i-a:f(a,T)+Oz6§_l+oz:f(a,r)—{—ozeln”_l—}—a

3)

:f(a,r)—i-a-g—koz:f(a,r)—kaz-ln;—koz:f(a,r)—i-(a-ln?ﬁ—kl)v(B').

When x > 16, we have e < Ink. Then the above equation is larger than f(«,r) +
(v + 1)v(B’). Therefore the ratio is a + 1 — o(1).

Combining the three cases together, we prove the nonexistence of (- + 1 — o(1))-
competitive mechanisms. Since f(«,r) > —0.06 when x > 16, the competitive ratio is at
least = 4 0.94 for x > 16. O

Ink

3. Mechanism Design

In this section, we describe a simple mechanism I'y (whose allocation and payment rules
are given in Algorithm 2), which works surprisingly well for both the restart and resume
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models, and handles the settings with different values of x in a unified framework. In
contrast, previous works (Diirr et al., 2012) need to design separate and very different
algorithms to deal with different values of «.

3.1 The Mechanism I';

Before introducing our mechanism, we first introduce the concept of the wvalid active time
of an uncompleted job 7, until time ¢, denoted as

(4)

() = {t - min{s]w(t’) =4, Vt' € [s,t)}, for the restart model
()

fo = j)ds, for the resume model

where z(t) is the mechanism’s allocation function, which maps each time point to an avail-
able job, or to 0 if the machine is idle.® And u(-) is an indicator function that returns 1
if the argument is true, and zero otherwise. Note that e;(-) can also take a vector 6 as an
argument. For example, e;(6,t) is shorthand for the e;(t) for the job sequence 6.

It can be seen that in the restart model, at time ¢, if a job j has received an allocation
at time ¢’ < t and has not been preempted after that, then e;(t) = ¢ — /. In the resume
model, e;(t) is the accumulated processing time of job j until time ¢.

We say that a job j is feasible at time ¢ if (1) its reported release time is before t; (2) it
has not been completed yet; and (3) it has enough time to be completed before its reported
deadline, i.e., d —t> l —e;(t). We use Jp(t) to denote the set of all feasible jobs at time
t.

According to Algorithm 2, at any time ¢, I'y assigns a priority score, ¥ - Bli—ei(0t),
to each feasible job j € Jp(t), and always processes the feasible job with the highest
priority (ties are broken in favor of the job with the smaller #;). Here 3 is located in (0, 1)
and will be determined later during the competitive analysis. The payment rule of I'y is
essentially the critical-value payment (Parkes, 2007), which is similar to that of the second-
price auction. Hence, the payment is equal to the minimum bid the agents have to make to
remain allocated.? In the following pseudocode, é_j denotes the reported types of all jobs
other than j.

8. In Equation 4, since s=t is a valid candidate for the minimization, if there does not exist an s, s.t.,
z(t") = j,Vt' € [s,t) in the restart model, then e;(t) = 0.

9. Note that we use the critical-value payment, so the payment of a completed job j depends on other
jobs’ types between 7 and d}x If our mechanism allows returning completed job before its reported
deadline, the calculation of critical-value payment will face trouble: it is possible that agent j misreports
a much later deadline to obtain a cheaper payment, but his job is completed and returned before its
true deadline. That is the reason why we restrict our mechanism to return completed job at its reported
deadline. It is worth mentioning that, if the payment must be made when the job is completed, (Lavi
& Nisan, 2015) has shown that there is no incentive compatible mechanism which can obtain a constant
competitive ratio.
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Algorithm 2:
Allocation Rule

for all time ¢ do
if Jp(t) # 0 then
2(t) ¢ argmaxe o (i - 54500
else z(t) «+ 0
end
Payment Rule
for all job j do
if qj(é,czj) =1 then
py(6) = min(o!|g; (75, dj 1, 01),0-,).dj) = 1)
else pj(é) =0
end

The intuition of our mechanism is two-fold. First, to ensure efficiency, one must trade
value against length: a job with a larger value has a higher priority, and a job with a larger
remaining length has a lower priority. I'y uses a simple priority function to achieve the
tradeoff: as can be seen, the priority score ©; ﬁlﬂ e0.8) of a job is positively correlated
with its value and negatively correlated with its remaining length. Second, to ensure IC,
I'; uses the critical-value payment rule and a monotone'® allocation rule.

Note that both the allocation rule and the payment rule can be implemented efficiently.
For the allocation rule, it is enough to consider the time point when some new jobs arrive
or some existing jobs are completed. And, we give algorithms in Appendix A to show that
the payment for each agent can be computed in polynomial time.

Clearly, because of the critical-value payment rule, I'; is individually rational. In the
following subsection, we prove its incentive compatibility.

3.2 Incentive Compatibility

We call an allocation rule of a mechanism monotone, if a job with truthfully reported type
0; = (rj, d], l;,v;) cannot be completed in the mechanism, then a dominated!! declaration
of its type 0 = (7, dj, lj, 0j) cannot make it completed either.

Accordmg to Theorem 1.13 of the work of Parkes (2007), in order to establish the
truthfulness of a mechanism, it is enough to prove the monotonicity of its allocation rule.

Theorem 3.1. Mechanism I'1 is incentive compatible, in both the restart model and resume
model.

Proof. We prove the monotonicity of the allocation rule of I'y. Assume a job j is not
completed under I'y when 6; is truthfully declared (we denote this case as T'rue). We now
show that j cannot be completed either by declaring . = (fj,dj,ij,ﬁj), where 7; > 1,
Zj > 1, ch < dj and 9; < v;. And we denote any such case as False.

Suppose job j has ever been executed for k > 0 times in the True case, we define the
following points in the execution of job j: let 7 and ¢! be the ith time that job j starts

10. We have a strict definition of monotonicity at start of Section 3.2.
11. We say a type 6; is dominated by type 6; (denoted as 8; < 6;) if #; > r;, d;j < dj, l; > 1; and 9; < v;.

442



EFFICIENT MECHANISM DESIGN FOR ONLINE SCHEDULING

execution and is preempted respectively, where ¢ = 1,2,...,k, and let t* = arginf,(e;(t) +
cij -t < l}) be the time that job j is abandoned. If job j is never started, then we set
§ =t =1t

We also refer to P = [r;, t5)U[t],t5) ... U[t},t*] = PoU Py ...U Py as the pending period
of job j, and A = [t5,&]) U [t5,¢5) ... U[t;, ) = A1 U Ay... U Ay, as the executing period of
job j.

We first consider monotonicity with regard to #;, regardless of other variables. Clearly,
from the definition of ¢%, declaring 7; > t* could not cause the job to be completed. Thus,
we can restrict our attention to 7; € [r;,t%] = P U A.

A necessary condition for job j to be completed (in False) is that job j should be
executed sometime in the period P. However, according to Lemma 3.2 (see below), job j
cannot be executed in P. Therefore, declaring #; > r; cannot cause the job to be completed.

Intuitively, Lemma 3.2 says that, under case True and False, the set of jobs that are
scheduled in the period P must be the same. Thus, job j cannot be executed in period P.

We then consider dj, l} and 9;. The proof is essentially the same as the proof of #;:
declaring dAj <dj, l} > l; and 9; < v; will not improve job j’s priority, and as a result, there
cannot be a change in the execution of jobs in the pending period P. So declaring cij <dj,
l} > l; and ©; < v; cannot cause the job to be completed. This proves that the allocation
rule of I'; is monotone. ]

In the following, we formally introduce Lemma 3.2, which is used in the above theorem.
For this lemma we introduce some additional notation: under case True and False, denote
by J and J respectively the set of jobs which have ever been executed in P, and denote
by Z and 7 respectively the set of jobs which have ever been pending in A.

Lemma 3.2. (1)INJ =0, (2)INnJ =0, (3) T =J.

Proof. Consider a job 7 € Z, according to the defintion of Z, under case True, job i has
lower priority than job j in period AU P.

Relation (1) means that, under case True, job i cannot be executed in period P. It is
obvious, since job j (with higher priority than ¢) is pending in period P.

Relation (2) means that, under case False, job i cannot be executed in period P either.
We prove this by contradiction. Suppose job i is executed at some time point in P. We
denote t; = min{t € P|z(t) =i}, and assume t; € P, for 0 < n < k. We have an observation
for the pending period P,, 0 <n < k.

Observation 3.3. In pending period P,, if I'1 schedules jobs by a sequence'? of jl .. .jﬁ(”)
(h(n) > 1, is the number of such active jobs in P, ) under case True, then we know (1) the

h(n)

release time of each job j2 ... jn

12

s in the period P, ; in particular, the release time of job

jtiin P, (n > 1) is exactly time th (2) each job j} .. .jff(n)

i P,; and there is no idle time in P,,.

1s either completed or abandoned

Here, we use f;(t) to denote the priority of job j at time ¢. Suppose that, under case

True, it is job 5 (one of j! .. .jﬁ(n)) that is executed at t;, and its priority is f;; (¢;). Then

12. A job may appear more than once in the sequence if it is preempted and resumed /restarted later.
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under case False, since ¢ is executed at t;, according to Observation 3.3, we can deduce
that the priority of job i at time ¢;, i.e., fi(;) must be larger than fj (¢;).

Therefore, we can deduce that ¢ must have been executed sometime in the period U; =
(A1U...UA,,). Otherwise, i should also be executed at time ¢; under case T'rue, contradicting
the fact that ¢ € Z. Similarly, we denote s; = min{t € U;|x(t) = i}, and assume s; € A,,
for 1 <m <n.

We claim, under case False, the priority of job i at time s;, i.e., fi(s;) satisfies the
inequality as below.

fi (t:) - BlAnl+HAn—a - HAmaa [ FHltm=sil  if gy < p — 1;

fi(si) > {fj; (t;) - Blta—sil, if m = n.

Otherwise, the priority of job 7 at time #; is at most f;i (;) (consider the case that all the
periods [s;, th,), Ami1, ..., An_1, A, are allocated to 7).

According to the definition of s;, we know s; is the first time that 4 is executed in period
A. Therefore, the priority of job 7 at s; remains the same when shifting from case True
to case False. However, under case T'rue, job j is executed at time s; (hence, with a
priority larger than f;(s;)), and all the periods [s;, th,), Am+1,- - ., An_1, Ay, are allocated to
Jj. Therefore, at time ¢;, job j will have a priority larger than f}: (;), contradicting the fact
that ji is executed at time #°.

Relation (3) means that, no matter case True or case False, the jobs that are executed
in the period P are the same. Relation (3) can be derived naturally from Relation (2). O

4. Competitive Analysis

In this section, we show that mechanism I'y performs quite well in terms of social welfare
by comparison with the optimal offline allocation, which has full knowledge of the future
jobs at the beginning of the execution.

To perform the competitive analysis, we need to design virtual charging schemes. Under
a certain virtual charging scheme, for every job j completed by the optimal allocation opt,
we charge its value (or partial value) to some job f completed by I'y. If this virtual charging
scheme satisfies the property that every job f completed by I'; receives a total charge of
at most cvy, then we succeed in showing that I'y has a competitive ratio of at most c.
Designing an ingenious virtual charging scheme is crucial to the competitive analysis. In
the following, we will design different virtual charging schemes to obtain the competitive
ratio of I'; for the restart model and the resume model respectively.

As we use a parameter [ in the priority function of mechanism I'y, we first derive
competitive ratios as functions of 5. We will specify later (in Section 4.3) how to choose
a suitable § (with respect to k) to optimize the performance of I'y, and derive competitive
ratios in terms of k.

Here, we introduce some notation which will be used in both Section 4.1 and Section 4.2.
Denote by (1,2,..., F) the sequence of jobs completed by I'1 over time. For each job f in
this sequence, let ¢ be the time when job f is completed, and for convenience denote ty = 0.
Divide the time into F' + 1 intervals Iy = [ty_1,tf), f =1,2,...,F, and [tp, +00).
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4.1 Analysis of the Restart Model

We study the restart model first. We assume, without loss of generality, that the optimal
allocation opt does not interrupt any allocation, since all interrupted jobs are non-resumable.
We have the following theorem.

Theorem 4.1. For the restart model, I'1 has a competitive ratio of ﬁ + ,871*@ + 1.

Proof. We introduce the virtual charging scheme as follows. For any completed job j in
opt, if it is also completed in mechanism I'y, then its value is charged to itself.

Otherwise (i.e., job j is not completed by I'1), we consider the time s; at which j begins
execution in opt. Note that opt does not interrupt any allocation, so j is exactly allocated
the time period [s;, sj+1;). Then s; must be in some time interval I¢(recall Ir = [t;_1,t5)),
and we charge the value of j to f. Define 0; :=t; — s; to be the time amount between s;
and ty. As job j is feasible at time s;, according to Lemma 4.2, we know that the priority
jobs j at time s; is at most vy3% ™% = v3%; in the meanwhile, the priority of j at time
sj is v]ﬂli. We have vjﬁlﬂ' <wpB%, ie., v; < vfﬁaﬂ'_lf. We defer the formal statement and
the proof of Lemma 4.2 to the end of this subsection.

We now calculate the maximum total value charged to a completed job f in I'y. In the
time interval Ir, denote by (1,2,...,m), the sequence of jobs in opt whose starting time s;
belongs to Iy and ordered as s1 > s > -+ > sp,. Remember that we define o :=t; —s; to
be the time amount between s; and ¢;. Then it is clear that we have 0 < 01 <02 < --- <oy
and o; —l; > 0j_1 for 2 < j < m, since j is allocated and completed during time interval
[sj,8j—1]. Furthermore, as the job lengths are normalized, i.e., 1 < [; < &, we can deduce

that:
0 forj=1
R D (5)
j—1 forj>2.

Recall that 8 < 1 and f may also be completed in opt. Therefore the total charge to
job fis at most vy + Z;”Zl vj, which is upper bounded by

m m m—1 00
vf + vy Zﬂaj*lj < ’Uf(l + 5711 + 2503;1) < ’Uf(l + 5711 + Z p%) < Uf(l +57"+ Zﬂj)

J=1 Jj=2 J=1 J=0
This shows that mechanism I'; is (ﬁ + BL" + 1)-competitive. O

Actually, the competitive ratio obtained in this way is tight, i.e., the ratio ﬁ + 5% +1
is best possible for I'y. We give an example in Appendix B to show tightness.

Lemma 4.2. For any time point s; € Iy, if job j (# [) is feasible at time s;, then the
priority of j at s; is at most vy % . Moreover, the value of j, vj, is at most vfﬁtf_sj_lj.

Proof. Note that, s; is in time interval Iy, and according to the definition of I, we know
that f is the unique job that is completed in Iy by I'y. Now we prove the lemma by
enumerating all possible cases.

(1) If the executing job at s; is job f, then we know that the priority of job f at time
s; is exactly vy 75 (because the priority of job f at time ¢ is v). Clearly, the priority
of j at s; is not larger than that of job f, and thus not larger than vfﬂtf_sf.
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(2) If the executing job at s; is not job f, then we assume that I'y executes job ji,. .., ji
and f successively!? in the time period [sj,ts), where k > 1. Since f is the unique job
completed in Iy, we can deduce that: j; is preempted by jo, jo is preempted by js,...,jk is
preempted by f, and finally f is completed at time ¢y. Denote 71, ..., 7, as the time points
at which ji,...,ji are preempted respectively. We also denote f;(t) as the priority of job
j at time t. We now use backward induction: First, we know that the priority of job ji at
74 is not larger than that of job f, ie., fj (%) < vsB" ™. Then, since jy_1 is preempted
by ji at 71, we know that the priority of jr_1 at 7,_1 is not larger than that of jg.
Hence, we have fj, ,(7k-1) < fj,(Th—1) = fj. (1) 87 =1 < vpBir~T=1. And eventually,
we can get that fj (1) < vyB% 7", Since j; is executed at time s;, we can deduce that
[ (s;) < wvgpBtr=5i. Clearly, the priority of j at time s; (i.e., v;8%) is not larger than that
of j1, thus not larger than vy3's 5.

By arranging v; 357 (%5) < 081175 we can get v; < vy Bt S TliTe () < g, ptrmsil
where e;(s;) > 0 is the valid active time of job j at time s;. O

Some remarks on Lemma 4.2: (1) Because f is the unique job completed by I'; in the
time interval I, the priorities of the executing jobs monotonically increase during I7. (2)
Lemma 4.2 applies in both the restart model and resume model. (3) Lemma 4.2 provides
a useful tool to relate the priority of a feasible job (j) at some time point (s; € If) to the
completed job f.

4.2 Analysis of the Resume Model

Compared with the restart model, the competitive analysis for the resume model is much
more complicated, because in the resume model, a job can be executed in several disjointed
time intervals. The charging scheme used in the previous subsection no longer works, and
we need to design a new virtual charging scheme.

Before introducing the new virtual charging scheme, we introduce some notation that
will be used in this subsection. Let 7(j) denote the number of disjoint time segments

2, s;r(j ) denote the corresponding starting

allocated to a completed job j in opt, and sjl-, S5, - -
time of each segment.

We say an allocation contains a violation if there exist two completed jobs ¢ and j, each
of which has two segments with starting time s¢, s¢ and sl]’-, s;l such that s < S? < sp < s?.
An allocation is called standard if it does not contain a violation. This means if an allocation
is standard, for any completed job, if its starting time of execution is between two segments
of another job’s allocation, then its completion time is also in the same time interval (i.e.,
between the same two segments). We provide an obvious yet useful fact for the offline

optimal allocation below.
Claim 4.3. There exists an optimal allocation that is standard.

For the detailed proof, please refer to Appendix C. Without loss of generality, we assume
that the optimal allocation opt is standard.

Claim 4.4 presents an important property of the standard allocation, which will be used
in the following proofs.

13. Here, j1 can be job j, which does not affect the analysis.
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Claim 4.4. Under the execution of opt, if a job j’s execution-starting time is between two
segments of another job’s allocation, then job j’s completion time is also in the same time
interval (i.e., between the same two segments).

To analyze the competitive ratio of I'; for the resume model, we propose two new virtual
charging schemes (referred to as integral charging scheme and segmental charging scheme,
respectively). In the integral charging scheme, we charge the whole value of job j in the
optimal allocation opt to some job completed by mechanism I'i; while in the segmental
charging scheme, we charge the value of j by segment, and different segments of the same
job may be charged to different jobs completed by mechanism I'y. By using these two
schemes, in Theorem 4.5 we upper bound the competitive ratio of mechanism I'; by % +1
and ﬂ—ln + 5%1125 +1 respectively. As discussed in Section 4.3, the two ratios work for situations
with different k values, i.e., the first one works well for small x and the second one works
well for large k.

Theorem 4.5. For the resume model, the competitive ratio of I'y is at most % +1. In
particular, if B satisfies kB > 3, the competitive ratio of I'1 is at most min{% +1, ﬁ% +
—2

The proof of the theorem will be given in Section 4.2.1 and Section 4.2.2.

4.2.1 Integral Charging Scheme

Remember that we denote (1,2,..., F') as the sequence of jobs completed by I'; over time.
For each job f in this sequence, we denote the t; as the time that job f is completed.

In the integral charging scheme, we restrict the total number of jobs (excluding f itself)
that charged to job f: we does not allow this number to exceed |ty —t;_;|+1. In particular,
we introduce the notation of “saturation ” in Definition 4.6.

Definition 4.6 (Saturated). For any job f, if the number of jobs (excluding f itself)
charged to f is less than |ty —ty_1| + 1, we say that f is unsaturated; otherwise f is
saturated.

Let W denote the set of jobs completed by opt, and Wy C W denote the set of jobs
j € W with 5]1 € Iy. Let A denote the set of jobs in W whose values have already been
charged to some jobs completed by I';.

The integral charging scheme is described in Scheme 1. For simplicity, we refer to Line
1 —2 as Step 1, Line 4 — 11 as Step 2, and Line 12 — 21 as Step 3.

Here we give some intuitive explanations about Step 2 and Step 3.

In Step 2, for each job f (f =1,...,F), we pick at most |ty —ty_1| + 1 jobs from Wy
and charge their values to f. The rule of picking jobs follows “largest Sjl first”, and the k-th
picked job'* with s} no later than £y — k + 1.

1

14. By slight abuse of notations, we still denote it as job j, and thus the start time of its first segment is s;.
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SCHEME 1: Integral Charging Scheme
1: Initial: A < (.
2: For any job in W, if it is also completed by mechanism I';, charge its value to itself,
and add it to A.

3: while W\ A # (), do

4: for f=1to F, do

5: for k =0to [ty —t;_1], do

6 T ] (sh <t —R)AG e W\ A):

7: if J* £ 0, then

8: Set j = arg maxj/EJk(s},), add j to A, and charge its value to f.
9: end if

10: end for

11: end for
122 for f=Fto1l, do
13: while W\ A # 0, do

14: Set j = arg maleewf\A(sjl-,), and add j to A;

15: if S;F(J) € Ifip; for some 0 < h; < F'— f, then

16: Charge j’s value to the unsaturated job with smallest completion time in the
set {f+1,...,f+h;};

17: else if s;r(]) € [tp,+00), then

18: Charge j’s value to the unsaturated job with smallest completion time in the
set {f+1,...,F};

19: end if

20: end while

21: end for
22: end while

In Step 3, we consider jobs (in W) whose values are not charged to any job in the first
two steps. Consider a job j with sjl- located in interval Iy and s}r(] ) Jocated in T fth; (or
[tF,+00)). We charge its value to an unsaturated job in the job set {f +1,..., f+ h;} (or
{f+1,...,F}). The rule of selecting the unsaturated job follows “smallest completion time
first”.

We will show that after three steps all jobs in W are charged to some completed jobs in
I'; (see Claim 4.9). First, we give two observations below.

Observation 4.7. In the integral charging scheme, for any job f € {1,2,...,F} and any
time t € Iy, the number of jobs charged to f with their start time in opt being in [t,tf)
(charged at step 2) is no more than |ty —t| + 1.

Observation 4.8. In the integral charging scheme, for any job f € {1,2,..., F} completed
by mechanism T'1, the total number of jobs charged to f (excluding f itself) is at most

[tp —ty—1] + 1.

Observation 4.7 is derived from Lines 5-6 in Scheme 1, and Observation 4.8 is derived
from the restriction that a saturated job can not be charged any more.
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Claim 4.9. In the integral charging scheme, all jobs in W have been charged to some jobs
completed by mechanism I'y.

Proof. Suppose on the contrary that there exists ¢« € W such that 4 is not charged to any job
in {f,f+1,..., f+h;}. Here, we introduce a notation e} (t) = fot w(opt(s) = i)ds to denote
the valid active time of resumable job i at time ¢ in opt. Since the length of every job is at
least 1,15 there exists an allocation segment [s, s”] of job i such that e} (s') < 1,e}(s”) > 1,
and opt(t) =i for any t € [¢',s”]. Suppose s” belongs to It,;. By the definition of h;, we
have h < h;.

According to the assumption, we know: (a) ¢ is not charged to f. (b) All jobs in
{f+1,f+2,..., f+h} have been saturated in the above charging process when we charge
job 1.

From point (a), we can deduce that in Step 2, there are at least [t; —s] | +1 jobs (whose
values are charged to f) with 5]1 € (s},ts] (by Observation 4.7). Otherwise i would be
charged to f in Step 2. We denote J, as the set of these [t; — si| + 1 jobs.

As for point (b), recall that a job f' (f' € {f +1,...,f + h}) is saturated if there are
|ti—ti—1] +1 jobs whose values are charged to f’ (see Definition 4.6). Hence, we can deduce
that there are at least (|tyy1 —t¢] + 1)+ -+ ([tf4n — ty4n—1] + 1) jobs (whose values
are charged to {f + 1,...,f + h}) with their starting time satisfying 5]1 € (shitpen). In
particular, among these jobs, there are at most (|ty4 — s”] + 1) jobs with s} € (5", tf11]
(whose value must be charged to f + h).!% Therefore, we can deduce that there are at least

(Lt —tp) + 1)+ (tpn —tpen—1] +1) = ([tpon —8"] +1)

jobs (whose values are charged to {f + 1,...,f + h}) with sjl € (s},s"] (denote J, as the
set of these jobs).

Note that J,NJ, = (0, as all jobs in J, are charged to f, while all jobs in J, are charged to
{f+1,..., f+h}. Therefore, we deduce that the number of jobs with start time contained
in (s}, s"] is at least |J,| + |Jp], i-e.,

(b =si) + D+ (g =) + D)+ A ([tpan = tppn—a] +1) = (Eppn — "] +1)
S(tren—sb) = (Ltpen — "] +1) 2 [8" st — 1.

(6)

So, there are more than |s” —s}| — 1 jobs different from i in [s}, s”]. Recall that we assume

opt is standard, hence, these jobs are entirely scheduled in (s}, s"), i.e., all time segments

of such a job are allocated in (s}, s”) (Claim 4.4). Since the length of every job is at least
1, we reach a contradiction.

O

According to the integral charging scheme, the charges to a completed job f have three
origins, corresponding to the three steps in Scheme 1. From Step 1, obviously, the charge
to job f is at most vy. We now calculate the maximum total charge from Step 2.

15. As stated in the Problem Formulation section, we assume job lengths are located in [1, k] for simplicity.
However, by scaling, all our results and proofs can be easily generalized to the case of [lmin, % * Imin],
where l,,ir, is the shortest length of jobs.

16. Because: (i) in Step 2, there might be at most (|t;4n — s”] + 1) jobs with s} € (s”,ts4s] which could
be charged to f + h; (ii) in Step 3, the jobs with s} € Iy4p could not be charged to f + h.
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Suppose the total number of jobs charged to f from Step 2 is m. We rename them as
1,2,...,m according to o1 < 09 < -+ < 0y, and claim v; < vfﬁ"j_lj (Lemma 4.2 is used
here), where o; :=t; — sjl-, for 1 < j < m. According to the rule of picking jobs in Step 2,
we have o; > j — 1. So it is clear that the sum of values of all these m jobs is at most

Uff:ﬁaj_lj Svfiﬁj_l_nzvfiﬁj_“~ (7)
j=1 Jj=1 Jj=0

It remains to calculate the maximum total charge from Step 3. According to Observation
4.8, we know that the number of jobs charged to f from Step 3 is at most [ty —t;_i|+1—m.
Now we need to bound the value of each such job j. The key is to build a relationship
between its value and the value of job f. However, according to the charging rule in Step
3, the start time 3} of job j is not located in the time interval Iy. In this case, we cannot
use Lemma 4.2 directly to derive an inequality like v; < v;39 ~li. Because it remains to
check whether j is feasible at ty_; (note that ty_; is the left endpoint of time interval Iy).

We define the critical time of a job as t7 := d; — ;. If we can prove that ¢ > {4, then
job j must be feasible at time ¢y_; for I'1. Thus, by applying Lemma 4.2, we can easily get

vj SogB Tl gt (8)
Fortunately, the following lemma shows that t7 >ty holds.

Lemma 4.10. According to the charging scheme, if j € Wy is charged to a completed job
f+k (where 1 <k < hj), then the critical time of job j satisfies >tk

Proof. We prove the lemma by contradiction and suppose t;f < tf4k—1. Then the total length

1

of all the other jobs whose opt allocation is between 3} and s;»r(j ) is (s;»r(j ) 4 l;-r(j )) —s; — 1y,
which is at most

dj—sjl»—lj:(dj—lj)—s}:t§—s} <tf+k_1—sjl-. (9)
Since j is charged to f+Fk, from Step 3 we know that all jobs in {f+1, f+2,..., f+k—1}

are saturated. Thus, there are at least
(tr=sj) + D)+t —tr] + D+ + (a1 —tpre—2] +1) > [trp1 — s3] +1 (10)

jobs whose start time belongs to the interval (sjl«, tfgh—1)-

Recall that opt is standard. Hence, all these jobs’ allocated time segments are between
the first segment and the last segment of job j (according to Claim 4.4), Equation (9) and
Equation (10) constitute a contradiction since every job’s length is at least 1. O

Combining the analysis above, we know that: (1) the total charge to f from Step 1 is
at most vy; (2) assuming m jobs are charged to f from Step 2, the total charge from these
m jobs is at most v Z}n:o (7=% according to Equation (7); (3) the number of jobs charged
to f from Step 3 is at most [ty —ty_1| + 1 — m according to Definition 4.6, and the value
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of each job is at most v B ' -17% according to Equation (8). Therefore, the total charge
to f is at most

m—1 ltr—tr—1]+1 ‘
vitop Y BT ([t =t F L m)up BT <o (L1 BT Y B,
Jj=0 j=0

which is upper bounded by v ¢( f:;), indicating that the competitive ratio of mechanism

I'; is upper bounded by '13_;; + 1.

4.2.2 Segmental Charging Scheme

Recall that we use sjl, sf, el ;T(] ) to denote the starting time of all time segments allocated
to job j in opt. Let Al AQ .. A ™9 denote those time segments, and ljl, ZJQ, e ,lj ™9 denote

the length of them.

In the segmental charging scheme, each segment A? is given a value pjlé-“, in which
pj = % is the value density of job j. We describe the segmental charging scheme in
Scheme 2. For simplicity, we refer to Line 2 — 3 as Type-1 charge, Line 4 — 5 as Type-2
charge, and Line 6 — 7 as Type-3 charge.

SCHEME 2: Segmental Charging Scheme

1: for each segment A;? in opt do
2:  if mechanism I'; also completes j by its deadline, then

3: Charge the value pjlf to 7.

4:  else if sf € Iy for some f € {1,2,,...,F}, and pj; < vyB% 71, where 0, :=t; — s?,
then

5: Charge the value pjlé? to f.

6: else

T Charge pjlé? to f*, where f* is the first job completed by I'y from time ¢} on,

where ¢ is the critical time of job j.
8 end if
9: end for

It is clear that the Type-1 charge received by a job f is at most vy. Next, we bound the
Type-2 and Type-3 charges.

Lemma 4.11. The total Type-2 charge that a job f receives is at most — ,BInB

Proof. Let Rs denote the set of job segments whose charges to f are Type-2. For each
Aé? € Ry, the charge from it is pjl;-“. And from Line 4 in Scheme 2, we know p; < vfﬂgj_l
where 0 =t — s?. Thus the total Type-2 charge is at most

Z p]l] < vy Z B 1llC <y Z / B Ldx Svf/ fr e < _ﬁzl}ifﬂ’
AFeRy AFER; AFERy J 0 .

where the second inequity holds by 8 < 1. Therefore, f receives a total Type-2 charge of
at most _,BTI{B‘ O
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In the following, we study the Type-3 charge and denote R3 as the set of job segments
which constitute Type-3 charges to f.
First, we claim that, if 3 satisfies some condition, then we can get [s¥, s* +lk] [ty ty+

377
l;] C [ty,ty + K] for each Af € R3 (Claim 4.12).

Claim 4.12. If 8 satisfies the function: g(z) = z* > B for 1 < x < k; then we have
[sé‘?,s;? + l;‘f] C [ty,ty + 1], for each A? € Rs.

Proof. To prove [sj ) sj + lk] [t,ty + 1], we only need to prove the inequality below:

tr<sk<ty+i;— 15 (11)

The inequality s? <tp+l— l;? holds because (sé€ + l;") =l <dj—lj=1t; <ty
Next we prove t; < sf. Suppose s;? € Iy for some f' (I is not later than Iy, and might

equal If). Then according to the Type-3 charging rule, we have p; = 1;—; > vp ,803'_1, where

/o <k
O'j—tf 55

We now use the condition for g: g(z) = xp* > § for 1 < x < k. Then we have
l-ﬁli > (3, hence %ﬂ < vjﬁljfl. Combining the above two inequalities (%9 > vffﬁgfl and
vj

TS 81, we have v;84 > Uf,BU;’ thus v; > vflﬁog'flj, which contradicts the fact
that f’ is completed at ¢4 with priority vy (Lemma 4.2 is used here). Therefore, we have

ty < S?. ]
By Claim 4.12, we know the allocation of all the segments with Type 3 charges to f are
in a restricted interval [ty,t¢ + x|. Hence, we can derive that ) AkeRy 1 T <k,

Lemma 4.13. If B satisfies the function: g(x) = xzp* > [ for 1 < x < k; then the total
Type-3 charge that a job f receives is at most Uf(ﬁ%nlﬁ + 87").

Proof. According to the Type-3 charging rule, j is not completed by the mechanism; if we
consider the critical point of j, i.e., ] (in time interval Iy), then by applying Lemma 4.2, we

can deduce that v; ﬁlj < vy ﬁtf—t; < vy. Therefore we have %ﬂ <
J

/. Now we can bound
ljﬁ J

the total Type-3 charge that f receives

ijlé?:leMZl“gll?—va (12)

A?ER:; A;?GRS A?eR AkGR

Note that the function g(I;) = [;8Y is increasing for 1 < I; < ﬁ and decreasing for

l; > 5 ﬁ So we have

(13)

-1
g(lj)Z{B f0r1<l<lﬁ

k3" forl L <l; <k, 1f/£>ln5.

By Claim 4.12, we know [SJ, 5+ lk] C [ty ty + 1]
Therefore, on the one hand, for each A? € R3 with ﬁ

[tr,ty + k] for each Af € Rs.

C
< lj < k (denote this set as Rf),
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we have ZAkeRa I¥ < k; on the other hand, for each A? € R3 with [; < ﬁ (denote this

set as RY), we have ZAkeRb 1% lnﬂ

Then, (12) becomes

1k Ik
> pily <vy Z Y g(;-) + g(;))
AkeR, nkery MeRg 7 Akery T (14)
k k -1
<o ZA?GR@” +ZA?€R§Z]'><U (L 4 B8
AT A A
which means the Type-3 charge is bounded by v f(ﬁ + BL"“) O

Based on Lemmas 4.11 and 4.13, we can obtain that When /iﬁ” > 3,17 the total charge
to a job f completed by mechanism I'; is at most Uf( a7+ ,Bln 5+ 1). This implies that the

competitive ratio of mechanism I'; is upper bounded by - = T ﬁln 5+ 1.

4.3 Discussions

An advantage of our mechanism is that it can handle the settings with different values of
% in a unified framework. We only need to set parameter 8 to different values in Theorem
4.1 and Theorem 4.5 so as to adapt to different settings of job lengths (as shown in the
following corollaries).

Corollary 4.14. By setting B = 1—(1—¢)?- h‘T“, where € > 0 is an arbitrary small constant,

mechanism I'y achieves a competitive ratio (@ +0(1)) - ;- for the restart model and a

competitive ratio (ﬁ +0(1)) - o for the resume model.

The proof can be found in Appendix D. As for Corollary 4.14, we have the following
discussions:

(1) For the restart model, mechanism I'y achieves a competitive ratio of (( pE +o(1)) =,

which improves upon the best-known algorithmic result ; f;n + O(/{Z) (Ting, 2008) for
the standard online scheduling without strategic behavior.

(2) For the resume model, when  is large, mechanism I'y achieves a competitive ratio of
((1_%)2 +0(1)) - o, which is slightly worse than the result obtained for the restart
model (within a factor of 2). Asymptotically speaking, I'; is near optimal, since
its competitive ratio has the same order (w.r.t. k) as the lower bound shown in
Theorem 2.5. Furthermore, our analysis generalizes the results obtained by Durr et

al. (2012) to the continuous value of time and the strategic setting.

(3) When « is relatively small, the ratios given in Corollary 4.14 will become loose. In
particular, when k approaches 1, the above ratios will approach infinity since Ink
approaches 0. In this case, we need a different setting of § (see Corollary 4.15).

17. Note that, the function g(x) = 287 is increasing for 1 < z < TB and decreasing for x > ;—;. Therefore,
we only need to require k38" > 3, and we can naturally derive g(z) = 8% > B for 1 <z < K.
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Corollary 4.15. By choosing B = 5, the competitive ratio of mechanism I'y is k + 2 +

(14 1) < k+2+e for the restart model and (k + 1)(1+ )% + 1 for the resume model.
Similarly, we have the following discussions:

(1) The competitive ratio of I'y is linear in &, since (1 + 1)* is bounded by e.

(2) In particular, when x = 1, the ratios in the above corollary become 5 for both the
restart and resume model, which matches the lower bound given in Theorem 2.4. In
this regard, we say that I'; is optimal. On the other hand, this also shows that the
lower bound of 5 in Theorem 2.4 is tight.

5. Conclusion and Future Work

In this paper, we studied the online scheduling problem in a strategic setting. As sum-
marized in Table 2, we proved that in both the restart model and the resume model, the
competitive ratio of any IC mechanism cannot be less than 5 when x = 1 and cannot be less
than - +1—o(1) for large k. We designed a simple IC mechanism I'; to schedule jobs on
a single machine and proved that it has near optimal approximation guarantees (in terms
of social efficiency) in both the restart model and the resume model through competitive
analysis: as shown in Table 2, the mechanism is optimal in terms of competitive ratio in
both the restart model and the resume model when x = 1, and it is near optimal for the
restart model when « is large enough.

Table 2: Summary of bounds on competitive ratio

Restart Model Resume Model
Model - -
k=1 asymptotic kK k=1 asymptotic kK
LB for any IC mech. 5 e +1-o0(1) 5 e +1—o0(1)
UB of the proposed mech. 5 (ﬁ +o(1)) - 1= 5 (ﬁ +o(1)) - 1

In proving the lower bounds, we introduce the shadow job argument which reflects the
IC constraint. This argument is very helpful in extending bounds in non-strategic setting
to strategic setting. The second contribution of this work is that we design several virtual
charging schemes to analyze the competitive ratio of our mechanism. The ideas of these
virtual charging schemes are of methodological significance and may be used to address
other problems.

There are multiple directions to explore in the future.

It is an interesting problem whether an IC competitive mechanism can be designed for
the hybrid model, in which there exist both resumable and non-resumable jobs. Many new
strategic issues may arise in the hybrid model. For example, can a resumable job disguise
as a non-resumable job to get better off?

Another open problem is whether a tighter competitive analysis of I'y can be made for
the resume model. Our conjecture is that the competitive ratio obtained by I'y has an
uniform form: ﬁ + 671” + 1, for both the restart model and the resume model.

Furthermore, given the popularity of cloud computing in today’s IT industry, it is of
practical importance to extend our work to the setting of job scheduling on multiple het-
erogeneous machines.
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Appendix A. Algorithms for the Critical-Value Payment

Please note that the critical time point in Algorithm 3 and Algorithm 4 means the time
point when some new jobs arrive or some existing jobs are completed.

Algorithm 3: Compute the critical-value payment in the restart model

for each job j which is completed do
Run Algorithm 1 without job j. Let T be the set of all critical time points
tc [Tj, dj).
for every t € T' do
if there exists job k such that z(t) = k, then define f; = v, 8% 1),
else f; = 0;
end-for
for every time point t' € T'N [r;,d; — ;) do
Define f; = max{f,/8" ' :t € (TN[t,t' +1;))};
end-for
Let f* = miny f}.
pi=1*/8Y.

end

Algorithm 4: Compute the critical-value payment in the resume model

for each job j which is completed do
Run Algorithm 1 without job j.
Let {to,t1,...,tm} be the set (denoted as T') of all critical time points in [r}, d;),
and to =Tj.
Denote the period between two critical time point as z; = t; — t;_1, where
1=1,2,...,m.
for every t; € T do
if there exists job k such that z(¢;) = k, then define f;, = v B en(ti)
else f;, = 0;
end-for
Initially, T < @, h* = 0.
while h* < [; do
t' = arg ming cp\7+ ft;, ties are broken in favor of smaller ¢;;
Initially, e’ = 0;
for every time point ¢; > ' that satisfies fi, < fy 7€ do
e =¢e + z; and

it ¢ T,

then add ¢; to T%, and h* = h* + z;;

end-for
end-while
Let t} be the earliest critical time point in 7*. Let t* = arg maxy, e+ ft,.
Denote the critical time points in 7 and between t| and t* as tf, t5,...,t}.
Denote the relevant periods of those critical time points as 2], 25, ..., 2, and z*.
py = fi B G4,

end
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Appendix B. An Example for Analysis Tightness

Example B.1. There are two types of jobs: long and short. The length of long jobs is k,
while the length of short jobs is 1. Let p be a large mteger, and the number of long and short
jobs are p+1 and pk — 1 respectively. The first long job JO is released at time 0, and its type
is 0) = (0,k,k,1). Forp—2>1i>1, job J' has type 6! = (i (/-i — ), (i + 1)k — i€, K, 7).
Long job Jll)f1 has type pr (p—1)(k—¢€),(p+ 2)%, r, B~P=DE L §). Job J} has type
9%, = (p(k—e€), (p+1)k—pe, k, B7PET€—G). Here, € and § are small constants satisfying pe < 1
and § K €. In the meanwhile, we have short jobs as follows. Forj =1,...,pk—1, we denote
J3 as the jth short job, whose type is 07 = (j—(p—1)e,j+1—(p—1)¢, 1, ﬁ"_(j‘*'l)‘*'(p_l)e—%).
for]—l ., Pk — 1.

It can be verified that only one job J]l)_l can be completed in mechanism I';, with

a social welfare ~ B~(®~V%  While in the optimal solution, all the short jobs will be
completed, and after that, J,, L and Iy ! _; will be completed successively, with a social welfare

~ (B4 B4+ BT (p DrY 4 g==1r 1 g=Pk_ Therefore, the competitive ratio of
mechanism T’y is at least (B 24+ B+1)+14+477 =12 Bm "+ 1+ 8%, which tends
toﬁ—i-ﬁ%—l—l,whenp%oo.

Appendix C. Proof of Claim 4.3

Proof. Suppose an optimal allocation opt is not standard, i.e., there exist a completed job
1 with two segments beginning at time sf and s{ and a cornpleted job j with two segments
beginning at time s] and s such that s < s < sp < s . We now do the following process
to obtain a standard optlrnal allocation: if the length of job j’s b-th segment (denote as l?)
is larger than that of i’s c-th Segment (denote as [§), we exchange i’s ¢-th segment with j’s
b-th segment located in [5], S] + [§]; otherwise, we exchange j’s b-th segment with i’s c-th
segment located in [s§ + [§ — l;’, s+ I¢]. For all the other segments, their order remains
unchanged. It is easy to see that the new allocation is still feasible and obtains the same
social welfare. We do such kind of exchanges until there is no violation, and then obtain a

standard optimal allocation. O

Appendix D. Proof of Corollary 4.14

Proof. For every constant ¢ < 1 and large enough z, we have (1 — £)™® < e. When & is
large enough, by choosing 3 =1— (1 —¢)?- h“’“, we have § — 1, and

2
ﬁ*/{ _ (1 o (1 - 6) lnl{’)—m'(l_f)lnﬁ < e(lfe)lnn < H(176) _ O(L)
K - - Ink
By using Taylor’s theorem, we know
Alnk
—Inpf=140(1)(1—-05)=(1+0(1))- —

Thus the competitive ratio is ﬁ + ﬂ% +1= (ﬁ +0(1)) - = for the restart model, and

Bln,B + [% +1l=(z1=2+o01) +to(%)) +1= (7(1_26)2 +0(1)) - i for the resume model,
respectively. O
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Appendix E. The Multiple Machines Extension

Suppose there are C identical machines, and each of them can process at most one job at
any given time. Similar to the work of Lucier et al. (2013), we assume that at most h
machines can be allocated to a single job at any given time. This parameter stands for a
common parallelism bound of the system.

The notion of preemption is specified as follow: A job may be processed on any number of
machines between 1 and h, and the number of machines allocated to this job may fluctuate,
and only if the number decreases to 0, we treat this job as preempted. Thus, the notation
of preemption-restart and preemption-resume can be defined accordingly.

Each job j € J is characterized by a private type 6; = (r},d;, sj,v;). Instead of [;, where
we use s; to denote job’s size (e.g., the number of machine hours required to complete the
job). Without causing any confusion we let k be the maximum ratio between the sizes of
any two jobs: k = max; jcj = o . For simplicity, we assume all job sizes fall in [1,k]. If K =1,
all the jobs have the identical size; otherwise they have different sizes.

E.1 A Simple Case: h=1

In this case, we design a new mechanism I's based on the single-machine mechanism I';.
The payment rule of I's is exactly the same as I'y, and its allocation rule is shown in
Algorithm 2, which is also similar to that of I'y. Since each job can be processed on at
most one machine, the mechanism will choose the C jobs (if any) in Jr(t) with the highest

priorities v; - Bgi_ei(é’t) to execute. Note that here the wvalid active time of job j until time

t is computed as
C
=Y [ ulai(s) = s, (15)
i=1 7t

where p(+) is an indicator function, and ¢’ = arg maxsgt[zlc:l w(zi(s) = j)] = 0. That is
to say, we treating resumable jobs as non-resumable jobs for simple. We summarize the
theoretical properties of I'y in Theorem E.1.

Algorithm 5: The allocation rule of Mechanism I'y
for all ¢t do
if |Jp(t)| > C then
process the C' jobs with highest priorities in Jp(t);
else process all the jobs in Jp(t).
end

Theorem E.1. Mechanism I's is IC and has the following properties:

— In the restart model, by setting 5 = we can get a competitive ratio of kK + 2 +

1) ’
(1+ ) for T'y; by setting 8 =1 — (1 —£)?. ln“ for arbitrary small € > 0, we can get
another competitive ratio of ((1 oz + o(1)) - lrfﬁ.

~ In the resume model, by setting 3 =1 — (1 —¢)?- an for arbitrary small € > 0, we

can get a competitive ration of (ﬁ +o(1)) - -

As for the above theorem, we have the following discussions.
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(1) Similar to what we have done in the single-machine setting, for the restart model,
we give two competitive ratios for I's. When x is small, the first ratio is better
(in particular, when k = 1, this competitive ratio becomes 5 and is thus optimal
according to Theorem 2.4). When « is large, the second ratio is better instead and is
near optimal according to Theorem 2.5.

(2) Different from what we have obtained in the single-machine setting, for the resume
model, we cannot match the lower bound 5 when x = 1 in the multi-machine setting.

Proof. The proof of Theorem E.1 is essentially the same as the proof of single machine
setting, in our virtual charging scheme, we charge a completed job in the optimal allocation
to some job completed by I's on the exactly same machine. The difference is that the
integral charging scheme for the resume model will not apply to the multiple machines
setting any more. We only use the segment charging scheme for the resume model. O

E.2 General Case: h > 1

To handle this general case, we design a new mechanism I's, which divides the C' machines
into |C'/h| equally-sized virtual machines (each consisting of h machines), and treats every
virtual machine as a single machine when performing the scheduling. That is, each virtual
machine will be used to process one job, and the remaining C'— [C/h| - h machines will be
idle.

Algorithm 6: The allocation rule of Mechanism I's

(1) Divide the C' machines into |C/h] equal-sized virtual machines.
(2) Run mechanism I's under the following modification:

— Capacity: [C/h].

— Demand size: s;/h for each job j.

As compared to the case of h = 1, the setting h > 1 imposes more flexibilities to the
optimal offline allocation. For example, a job may be processed on any number of machines
between 1 and h in the optimal allocation and it might not always be executed on exactly
h machines. Fortunately, we can use the similar segmental charging idea as h = 1 case to
resolve the challenge and get the competitive ratio as shown in the following theorem.

Theorem E.2. Mechanism I's is IC and has a competitive ratio of (ﬁ +o(1)) - ;& for

I3 by setting f =1— (1 —¢)?- IHT’"” for arbitrary small € > 0, no matter restart model or
resume model.

We have the following discussions for the above theorem. The setting of h > 1 is more
complicated and we could not always obtain the same results as in the setting of h = 1.
In particular, if h divides C, there will be no idle machine and we may obtain the same
competitive ratio as in the setting of h = 1. However, when h does not divide C', the idle
machines will introduce an additional factor of at most 2 to the competitive ratio. Besides,
the competitive ratio for the restart model is no better than that for the resume model, and
the competitive ratio cannot reach 5 when k = 1.
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Proof. Here we only need to show that there exists an optimal allocation (we can view
all jobs as resumable jobs in the optimal allocation) such that at any time every job is
processed on either exactly A machines or no machine (assuming h divides C). Then we
can directly use the results obtained for the special case h = 1. Suppose opt is an optimal
offline allocation and J* is the set of jobs completed under opt. For each j € J*, we use
m;(t) to denote the number of machines processing j at time ¢ under opt. Then we can
divide the time into intervals [ty, tg11), where k = 0,1,2,-- -, such that at any time interval
[tk, tk+1), m;(t) does not change for any j € J*. Now we show how to allocate the jobs at
any time interval [ty,txy1). For the |C/h| virtual machines, we allocate the jobs on them
one by one, i.e., only if the previous virtual machine is full, we start to allocate jobs on
another empty virtual machine from ¢; (empty is only with respect to [tx,tx+1)). Besides,
every job is allocated continuously one by one and the size of allocation is j;t:“ m;(t)dt. It
can be easily verified that under this allocation every job j € J* is allocated legitimately
(7 is allocated during [rj,d;] and processed by at most h machines at any time) and can
complete before its deadline since j is legitimately completed under opt. O
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