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Abstract users (self-interested and welfare-maximizing) will reisr

port parameters to the scheduler to maximize (or minimize)
We design an incentive-compatible mechanism for her individual objective €.9, meeting her deadline) even
schedulingn non-malleable parallel jobs on a parallel sys- though such behavior can cause system-wide performance
tem comprisingn identical processors. Each job is owned degradation. The goal of this paper is to design a schedul-
by a selfish user who is rational: she performs actions ing mechanism that provides incentives to the users to re-
that maximize her welfare even though doing so may causeport their true parameters, thus, leading to improved syste
system-wide suboptimal performance. Each job is charac- efficiency.

terized by four parameters: value, deadline, number of pro-  gchedulers for shared resources must be designed to ac-
cessors, and execution time. The user's welfare increasesount for users’ rationality. Economics studies rationgd b
by the amount indicated by the value if her job can be com- hayior and it provides tools and solutions. One such tool
pleted by the deadline. The user declares the parameterss mechanism design theoft6]. The theory provides
to the mechanism which uses them to compute the schedpe foundations for developing mechanisms that optimize
ule and the payments. The user can misreport the param-ihe gocial (system-wide) objective in a competitive, self-
eters, but since the mechanism is incentive-compatibée, sh jnterested setting. In this work we consider two mecha-
chooses to truthfully declare them. We prove the propertiespism design goals. The first goal is incentive compatibility
of the mechanism and perform a study by simulation. A mechanism satisfiescentive compatibilityf each user
maximizes her own welfare if she truthfully reports her pa-
1. Introduction rameters tothe mechanism_, irrespective of the other_sadecl
rations. Each user has a privately knowaluationfunction
Parallel jobs that are typical to the science and engi- that quantifies the benefit or loss for a specific outcome. A
neering fields are Conventiona"y scheduled on a shared diS'genera|direct mechanisntonsists of a function that com-
tributed computing resource @, a university-wide grid or - putes a solution to the system-wide objective and a vector
cluster computer). Schedulers are designed to achieve goalof payments, one payment for each user. The combination
such as minimizing the completion time of the last job ex- of these are used to motivate the users to truthfully declare
ecuted (e, the makespan) or minimizing the average job their parameters. A second mechanism design goi-is
completion time ie., response times). Traditional schedul-  dividual rationality in which a truthful user is guaranteed
ing algorithms assume that the users abedientin the  to never incur a loss, irrespective of the others’ declarati
sense that they do not manipulate the scheduling algorithmThis property is important as users voluntarily particeat

and that they truthfully report the parameters of their jtilbs  Mechanisms can be designed to satisfy both goals simulta-
the scheduler. This fact is important as the scheduler mustheously.

make allocation decisions based on these parameters. The
obedience assumption is not valid in the real world where
no a priori motivation for cooperation exists andtional

In this work we design the NMPJS (Non-Malleable
Parallel Job Scheduling) mechanism for scheduling non-
malleable parallel jobs with individual deadlines. nn-
*This research was supported in part by NSF grant DGE-0654014  Malleableparallel job requires a fixed number of processors
tCorresponding author. and a given amount of time to properly execute to comple-




tion. It does not execute faster if additional processoes ar  The above algorithms were not designed to tolerate ma-
allocated and it fails if fewer than the requested amount is nipulation by rational users. Manipulations cause system
allocated. Each self-interested user owns a single job thatdegradation and inefficiencies. In this work we employ the
must be completed on or before a deadline. Each job is charmechanism design theory to develop a scheduling algorithm
acterized by a valuation function that gives a positive real that operates in a competitive, self-interested settingy an
number if the job is completed within the deadline, and zero that prevents such manipulations. Nisan and Ronen [15]
otherwise. Heuwtility, a measure of her welfare for a spe- were credited with the development of algorithmic mecha-
cific outcome, is given by the difference between her value nism design which examines mechanism design problems
and her payment. This type of utility function is classifiedi  in computational settings. A recent reference on algorith-
the literature as beinguasi-linear The user reports herjob  mic mechanism design is [16]. Incentive compatibility is
parameters consisting of the value, the deadline, the numbeheavily reviewed in the literature. A general framework for
of processors, and the execution time to NMPJS. The goaldesigning incentive-compatible mechanisms for one param-
of scheduling in this context is to maximize the sum of the eter agents was proposed by Archer and Tardos [2]. They
values of the jobs that meet their deadlines. NMPJS com-developed a general method to design incentive-compatible
putes a schedule using an approximation algorithm and amechanisms for optimization problems that have general
vector of payments such that incentive compatibility and in  objective functions and restricted forms of valuationseTh
dividual rationality is satisfied. To our knowledge thishiet  restrictions on valuations were eased in [1]. Mechanisms
first attempt to design an incentive-compatible mechanismwith verification were studied by Aulettt al.[3]. A mech-

for scheduling non-malleable parallel jobs. This is also an anism with verification bases the payments on the agents’
example of an incentive-compatible mechanism where theoutputs. Consequently, these mechanisms are pertinent to
agents are characterized by multiple parameters that spam large problem domain. All the mechanisms discussed

two different domains, money and time. so far are offline mechanismise., the mechanism has full
knowledge of all declarations before computing the out-
1.1. Related work put. Online mechanisms compute outputs without complete

knowledge of the future. A reference on online mecha-
nisms is [17]. Porter [18] designed an online mechanism
for scheduling real-time jobs with hard deadlines.

Feitelson and Rudolph [8] classified parallel jobs into
three classes. A job isgid or non-malleabldf it requires
a fixed number of processors. The allocation of additional
processors does not speedup execution. When the numbek-2. Our contributions

of processors can be adapted at the start of execution, the |n this work we design NMPJS, an incentive-compatible
jobiis calledmoldable Jobs where the number of processors mechanism for scheduling non-malleable parallel jobs on a
can be altered during execution are calhedlleable In this para”e] System_ Since NMPJS is an incentive-compatib|e
work we only consider non-malleable jobs. The problem of mechanisms it provides incentives to the users to report
scheduling non-malleable parallel jobs is similartosli®  their true parameters. NMPJS computes a schedule using
packing problem(SPP). This problem consists of placing an algorithm based on the Bottom-Left packing heuristic.
reCtangleS in a two-dimensional bin with the goal of mini- The payment scheme is designed in such a way to guar-
mizing height. A survey of strip packing algorithms is [12]. antee incentive compatibility. We prove that the mech-
There are several algorithms for scheduling parallel jobs i anism satisfies incentive compatibility and individual ra-
the literature. Optimal and approximation algorithms for tionality. We also study by simulation the properties of
SChedUIing malleable jObS with the Objective of mlnlleIng NMPJS. To the best of our know|edge' this is the first at-
the makespan are given in [4] and [5]. A simple approxima- tempt at designing incentive-compatible mechanisms for
tion scheduling algorithm that minimizes the makespan is scheduling non-malleable parallel jobs. NMPJS is also

provided in [14]. Schwiegelshotet al.[20] developed the  an example of incentive-compatible mechanism for multi-
SMART scheduling algorithm for minimizing the weighted parameter, multi-domain agents.

response time of non-malleable jobs. Kwon and Chwa [11]
designed an algorithm for scheduling non-malleable jobs
with individual deadlines. An approximation algorithm for The paper is structured as follows. In Section 2 we dis-

scheduling malleable jobs with precedence constraints iscuss the model for scheduling parallel jobs. In Section 3
proposed in [10]. Havill and Mao [9] examined the on- we present the framework for designing mechanisms. In
line scheduling of non-malleable and malleable jobs. More Section 4 we present NMPJS, a mechanism for schedul-
recent work considered the scheduling of parallel jobs on ing parallel jobs. In Section 5 the properties of NMPJS are

“clusters of clusters” and grid computers. The support of proved. In Section 6 we investigate the properties of the
and scheduling policies for parallel jobs are examined in mechanism by simulation. In Section 7 we draw conclu-

the context of KOALA multicluster scheduler [6]. sions and present future work.

1.3. Organization



2. Model indexesJy 1, ordering the jobs so thal; < d;;;. A job
i € Jyg is scheduled such that = 0. If job i cannot
start att; = 0, the job is discarded. The jobs ify; are
scheduled usingarliest Deadline Firs{EDF) heuristic.

Users can manipulate the KC algorithm by misreport-
ing their types. Assume a system of two processors and
two self-interested users, user 1 and 2, each with a sin-
gle job. The types of the jobs ath = (8,5,2,4) and
6, = (8,6,2,4), wherev; = w;h;, i = 1,2. The KC

Consider a parallel system comprisingidentical pro-
cessors. Denote each processorphyi = 1,2,...,m.
There aren users attempting to execute their jobs on this
system. Each useéri = 1,2,...,n, owns a single joh
that requiresw; consecutive processors and executes;in
units of time. The value of job is v;. If the job com-
pletes on or before its deadling;, the user obtaing;
units of welfare. We denote the type of jélas the tuple ) : ¢ i , _
0; = (v;,d;, w;, hi) from the spac®; of all possible types. _algorlt_hm scheqlules_Job 1 and d|§cardSJob 2 as _1s de_adlme
Denote the type space of all jobs By— O x Oy x - - -x O, is earlier than 2 S. IfJ_ob 2 declarés = (_8, 4, 2., 4),job 21is _
and©_; = O x --- x Oj_1 X Oip1 X --- x O,. Let ;cheduled and 1is discarded. B_y manl.pulatmgthe deadllpe,
6 = (61,02,...,6,) € © denote the vector of types for job 2 can make 'the schedgler dlscqrd job 1 even though job
all jobs and le¥_; = (61, ...,0i—1,0i41,....0,) € O_,. 2 does not require the earlier deadline.

The jobs must execute without preemption or migration and  Another problem with KC is that the values are coupled
to the dimensions of the jobs. A general valuation scheme

must be scheduled on contiguous processors to minimize; _
communication latencyi.., scheduling on #ine of proces- is preferred as the self-interested users can set the values
sors [13]). ’ of their jobs independent of the characteristics of theisjo

Our goal in this paper is to design a mechanism for schedul-
ing non-malleable parallel jobs that prevents maniputeio
by the users and that also allows the users to assign values
to their jobs independent of the amount of work required by
the jobs.

The problem of scheduling non-malleable jobs with in-
dividual deadlines is a variation of the strip packing prob-
maxz v -ty + hy < dy) lem (SPP). There are various approximation algorithms for

i SPP, but most of them group items by their height and then
contiguously pack items group by group. The grouping is
suboptimal when the item’s value is not general and not cor-
related to the item’s height. Algorithms with the bottonfitle

The scheduler allocates a line of processors of size
starting with processap; and a start time; to job ¢ such
that jobs is the only job executing on the; processors and
that¢; + h; < d;. Not all deadlines can be satisfied due to
the limited nature of the resource. Therefore, the objectiv
of the scheduler is

where u(-) is an indicator function that evaluates to one
if the enclosed expression is true and zero otherwise. In

V‘:‘OLdS' ﬂ;e objicgve_ o; thﬁ schedukra]r ISto maxqng t;‘;l,sum stability property are more appropriate for the generaligal
ofthe values ofthe jobs that meet their respective deaglline 4o~ A algorithm satisfies tHmttom-left stabilityif an

b -Lhe closedstcer)]usun?lmo?el tt_]o Fhe one ?(resente% aCbkc])ve Stem is positioned at the most bottom and left position avalil
y kwon an wa [11]. In their paper Kwon an Wa  able at the time of placement. This corresponds to the ear-

prqposed an algorithm for SChEdL_J"ng non-mglleable jobs liest possible start time for a job. We use this heuristic in
which we denote as the KC algorithm. In their model the designing our scheduling mechanism

value of ajob is not general and is equal to the product of the ) _
processor quantity and the execution time. They refer & thi 3. Mechanism Design

product as “work”. Larger jobs perform greater amounts of A rational user will misreport her type to the scheduler
work. The algorithm works as follows. The jobs are par- if it benefits her to do so. As seen with the KC algorithm,
titioned into two disjoint sets/w = {ifw; > m/2} and  yser; will report her job type ad); instead ofé;, where

Jn = {ifw; < m/2}. Each set of jobs is scheduled inde- 4. ¢, as this increases the likelihood of her job being
pendently from the other. The algorithm selects the sched-gcheduled. Mechanism design, a sub-field of game theory,
ule that maximizes the sum of the work performed. Note proyides tools and techniques to solve this problem. Gen-
that 0”'}’ one job inJy, can be §chedu|e_d at any instant. era|ly, a mechanism is a set of rules that implement a com-
Thus, single processor scheduling algorithms sucllaiis  pjex auction and it is designed to obtain specific outcomes
Sequencing with DeadlingdSD) [19] are pertinent. JSD  that maximize (or minimize) the designer's objective even
is a dynamic programming algorithm that schedules jobs t0 i, the presence of self-interested users. In the followieg w

maximize the sum of the values. With certain modifications present the mechanism design framework and concepts that
it becomes &PTAS. The jobs inJy are further subdi- i pe used in this paper.

vided into two sets,/Jys = {i|li € Jn,h; > 0.5d;} and i

Jni = {ili € Jn,h; < 0.5d;}, by how tight the job's ~ 3-1- Formulation

deadline is. The algorithm re-indexes the jobs/iqg be- The mechanism design framework we use assumes that
ginning from one to satisfyl; > d;;,. Similarly, it re- there is a center that implements the mechanism. Agents (or



users) interact with the center through a direct mechanism If an agent truthfully declares her type, she will never in-

I' = (01,02,...,0,,g(:)) in which agents declare the cur a negative utility. This is important as agents will fsee
type of their job, denoted; = (@i7&i7@i7ﬁi) € ©,. The choose to interact with the mechanism as losses are not pos-
functiong : © — O maps the declared types to an outcome Sible.

o € O. An outcomeo = (S(-),r1(-),72(:), ..., m(-)) con- The foundations defined in this section are used in
sists of a schedulé(é) and a paymenh(é) from each the following to dgsign a mechanism for scheduling non-
agent to the mechanism, whete= (01,0-,...,0,) € ©. malleable parallel jobs.

Let #;(S(0)) denote the start time of jobunder schedule 4. The NMPJS Mechanism
S(#). If i is not scheduled, themy(S()) =L.

o - . In this section we present the design of NMPJS
Useri’s utility is the quasi-linear function P g

(Non-Malleable Parallel Job Scheduling), an incentive-

wi(g(0),0;) = —r;(0) +v; - p(t:(S(0)) #1) compatible mechanism that schedules non-malleable par-
R . . allel jobs with individual deadlines with the objective of
p(ti(S(0)) + hi < di) - pldi = wi) - p(hi = hi). maximizing the sum of the values of the scheduled jobs,

i.e,max ), v; - u(t; + h; < d;). NMPJS is a direct mech-
anism comprising two parts, a scheduling algorithm and a
payment scheme. Each usedeclares her job typé; to
the scheduler (referred as the center in mechanism design
theory). Using this information, the scheduler computes th
schedule and the payments.

Useri’'s job typed; comprises four parameters: valug

The second term of the utility function captures the fact tha
useri obtains utilityu; = r; + v; if job ¢ is scheduled, it
completes within the deadling, it is allocatedw; or more
processors, and it reports an execution timegreater than

or equal to its true execution tine. We assume that each
user is rational and risk indifferenitg., she chooses her ac-
tions to maximize her expected utility. In doing so, she may ) : :
declare a type different from her true type. It is common deadlined;, number of processors;, and execution time

practice for a scheduler to terminate jobs exceeding their_h’f" _Weddo nOthusz_;” the garameterfs n de5|gn|r(1jg_the ob-
execution times. Therefore, users will choose to declarejecuve ue to the different domains of money)(and time

execution times no less than their true execution times. Fur (4 Wi, andh;). Designing functions to convert between
thermore, the rigid job model supposes that a job cannotdom"’“.nS is simple bUt. often require assumptions such as ex-
complete unless the required number of processors are a”O_changlng money for time. We further decoupiefrom the

cated to it. Thus, the declared number of processors cannofimount of work required by joB, which isw;f;, to allow

be less than the minimum number of processors required byf'i generalized value system. It can be the case that Sma"
the job. The declaratiofi, — (6 ds i, izi) is such that jobs can be of greater value than larger tasks. We now in-

b > hy andi; > w;. .terpretvi as how much useris W|II|ng_to pay to have her
job completed on or before the deadline.
3.2. Goals As we mentioned before, the problem of scheduling non-

In this section we outline the goals of mechanism design. malleable parallel jobs to satisfy deadlines is a variant of
There are two primary goals for most mechanisms, incen-the SPP. A non-malleable parallel jolzan be viewed as a

tive compatibility and individual rationality. rectangular item of widthu; equal to the number of pro-
In the following we denote by _; - cessors required to execute jopand heighth; equal to

(01,...,0i-1,0,41,...,0,) € ©O_; the vector of dec- the required execution time of job Since SPP iNP-

larations without usei’s declaration. hard, the problem of scheduling non-malleable paralle$ job

o . ) o ) is alsoNP-hard. Thus, we need to rely on an approxima-
Definition 1. A direct mechanisr satisfiesncentive com-  tjon mechanism in order to solve the problem in a feasi-

patibility (IC) if, for all i, 6; € ©;, andf_; € ©_;, ble amount of time. An approximation to the true objective
A AA (max Y v;- (u(t;+h; < d;)))is simply scheduling the jobs
ui(g(03,0-0), 0:) = wi(9(6:, 0-), 0:) in non-increasing order of values. Any job whose deadline
A mechanism satisfies IC if the agent always maximizes cannot be met is not scheduled.
her utility if she truthfully declares her type irrespeetiof 4.1. Scheduling algorithm
the other agents’ declarations. This leads to a singlesgfyat

profile in which all rational agents choose to declare their An approximate scheduling algorithm is needed to

schedule the jobs. There are several algorithms for strip

lues. ) : .
true vajues packing, but many of them ashelf or levelpacking [12] in
Definition 2. A direct mechanisni satisfiesndividual ra- which rectangular items (or jobs) of approximately the same
tionality (IR) if, for all : andf_; € ©_,, height are grouped together and placed on sequential levels

R All the bottoms of the rectangles at a level are positioned at
u;i(g(0;,0-;),0;) = 0. the same distance from the strip bottom. Since the jobs are



ordered by height, the various heuristics can determine theAlgorithm 2
height of the next level in a straight forward fashion. But ;. procedure NMPJS-RYMENT (d)
in this problem, the value determines the objective and the . Sortd in non-increasing order af;

value is not correlated with the job's dimensions. There- 3 for i — 1,n do
fore, we need to employ an algorithm that does not require . if £;(S) #L then
o_rdenng by height. One such .algorlthr_n is the ponnomaI— 5 for j « i+ 1,ndo
time Bottom Left(BI'_.) [7 pq(_:kmg heuristic. BL sgpsﬁes 6 0 — ((@j,(jivw“;%)’é_i)
the bottom-left stabilitycondition: there are no positionsto . Reorderd to satisfyd; > ;41
the bottom or to the IefF to Wh|ch a pagked item can slide. . if ¢;(NMPJS — Schedule(f)) #.L then
We employ the BL heqnsﬂcs in computing the schedule for . ri —
our proposed mechanism. Algorithm 1 is used to compute ;. end if
the schedule. 11: end for
Algorithm 1 12: 6 — ((0, d;, b, Ei), é,i)
1: procedure NMPJS-SHEDULE(A) 13: Reorder to satisfyo; > vi1
2. Sortd in non-increasing order af; 14: if ¢;(NMPJS — Schedule(6)) #L then
3: fori«— 1,ndo 15: T 0
4 Find bottom-left positior{t;, p;) in S 16: end if
for (i, hi) 17: else
5: if t; + h; < d; then 18 ri 0
6: Schedule at position(t;, p; ) in S 19: end if
7: else 20: r—rU{r}
8: Mark ¢ as unscheduled i 2L end for
o end if 22 return r
10, end for 23: end procedure
11:  retum S In words, useri pays the smallest value for which Algo-
12: end procedure rithm 1 schedules her job The payment is conceptually

similar to the online mechanismdsitical value[16]. If user
i's job is discarded, she pays = 0. The polynomial-time
Algorithm 2 implements the payment scheme. A dummy

The polynomial-time Algorithm 1 works as follows. It
sorts the jobs in order of non-increasing values. If there

are jobs having the same value, those jobs are sorted in or]Ob with value 0 is appended to the list of jobs. For a job

der of non-decreasing deadlines. If there are jobs with thethe algorithm iteratively sets; to the decreasing values of

sadme \éalgi anﬁl t(f;el same g_eagjll??hthen It_he}[/ ?ret?rb'tra”l?fhe jobs that follow joki. It then attempts to schedule the
ordered. bL schedules each Job atine earliest start time su jobs. If jobi can be scheduled, the current value is saved.

ject to the placement of the more valuable jobs. ForeaCthbOtherwise, the algorithm is terminated. Paymenis then

i, BL fmd; the bottom Ieﬁmost available position th?t_ Is at equal to the value of the last successful scheduling attempt
leastw; wide and at least; tall. If BL computes a position

at whichi cannot meet its deadline, the job is discarded. 5. NMPJS Mechanism’s Properties

Otherwisei is scheduled in that position. From this point | thjs section we prove that NMPJS satisfies the IR and
forward, we assume that the jobs are indexed in order of |c mechanism design goal objectives. Then we provide the

non-increasing;, non-decreasing; (as the secondary or- - gpproximation ratio of NMPJS. We first show that NMPJS
dering), and that the ties are broken arbitrarily. In thev@o  gatisfies IR.

algorithm, BL determines the start timig, and the first pro- . o N
cessor in the liney;, in S for job i. If job i can be scheduled ~ Theorem 1. NMPJS mechanism satisfies the IR condition.
by the deadline, then jobis scheduled irt. Otherwise Proof. Let job i be of typed; = (v;,d;, w;,h;), which
is marked as not scheduled. is its true type. If jobi is scheduled, then userpays
r;, the smallest value for which the job is scheduled.
Since jobi is scheduled, them; < v;, which implies
The second component of our mechanism is the paymentu,;(g(6;,6_;),0;) > 0. If the job is not scheduled; = 0
scheme. Algorithm 2 implements our payment scheme. andui(g(ei,é_i),ei) = 0. Thus, NMPJS satisfies the IR
If i's job is scheduled, she pays condition. O

4.2. Payment scheme

The following lemmas are formulated to prove that NM-

i(0) = in (t;(S((v, d;, i, hi),0_:)) #L o o
i) argmum( (S((v, diy b i) ) #L) PJS satisfies the IC condition. As a summary of the follow-



ing, we first show that deadline restrictions arise natyrall Proof. Supposey; < 9;. Letr; be the payment when job
Then, we show that if a job is scheduled when one or all of i is declared with value;. Sincer; is the smallest value
deadline, number of processors, and execution time paramfor which job i is scheduled and; < v; < ©;, thenr; is
eters are misreported, then the job would also be scheduledlso the smallest value for which jélwith declared typég
if these parameters are truthfully declared. We show thatis scheduled. Thus, declaring eithgror v; results in the
payment increases if these parameters are misreported. Weame payment;. The proof forv; > o, is similar. O
show that if a user’s job is scheduled when either the value
is declared truthfully or misreported, then the user pags th  Theorem 2. NMPJS mechanism satisfies the IC condition.
same amount for both declarations. Combining these re-
sults, we prove that NMPJS satisfies the IC condition. Proof. Let job i be of type 0, = (v, d;,w;, h;),
) . . . 5 which is its true type.  Misreportingd;, w;, and

I;amma 1. Useri restricts her deadline misreports th < h; does not improve the schedulabilty of job

v A . A (Lemma 2), and in fact may increase payments
Proof. Let job: with declared typd; = (v;, d;,w;, h;) be (Lemma 3) Thus, uz(g((@i,diywi,hi),é%)ﬁi) >
scheduled, wherd; > d;. The deadline is not considered ul(g((v“d“w“ hi),0_:),6;) for d; < di, w; > w,
when the BL position is computed and thus, it does not af- and 4, > h;. From Lemma 4, usei paysr; if her job

fectt;. Lett; be such that; + h < d;, andt; + h; > d;, is scheduled when e|theﬂ" = (v“d“w“hi) or §;, =
which means that jolds completion time is within the re- (v“d“w“ hi ). Thus, uz(g((%duw“ hi ), 9:1-),91-) _
ported deadline but the job is missing the true deadline. TheuL(g((v“ di, by, ;L,) é—i) 9,) Further-

user pays-; > v; = 0. This impliesu;(g(6),0;) < 0, that
means that userobtains negative utility. Thus, usédoes
not have incentives to report an earlier deadlinel; 1K d;

more, uz(g((viadi7wi7hi)aé—i)a9i> Z
Ui(g((%’, di, w;, hi)7 94), 91‘)-

andi is scheduled, then; > r; > 0 andu(g(f), 6;)) > 0. If job i is scheduled wheti; = (vz,dl,wl,hz) and not
Thus, the usef restricts her misreports td; < d;. O scheduled wher); = (vi,dy, i, hi), thend; > r; >
v; and u7<g(97a0—z)791) > uz( (9“0_,) 01) =0 >

Lemma 2. If job i with declared typd; = (&;, d;, @, h;) wi(g(61,6_1),6,).
is scheduled, then the same jolwith declared type). = Ifjo/b i is scheduled whef; — (U d e b h;) and not
@i,di,wi,hi) is scheduled, wheré;, < d;, w; > w;, and scheduled Whem% _ (U“duw“ h), thenw;, > r; >

hi 2 hi. b; and thus,ui(g(0;,0_,),0;) > ui(g(6:,6_;).0;) >
Proof. Algorithm 1 computes the start position independent ui(g(ég, é,i),ei) = 0. Thus, NMPJS satisfies the IC con-
of deadline. The tighter deadline harms the user as her jobdition. O

is more difficult to schedule. BL positions a job into the first

bottom-left hole that fits the size of the job. Larger jobs.( In the following we show that NMPJS is a-
jobs with greatenw; andh;) are more difficult to schpdule approximation mechanism. A mechanism is @
as larger holes become scarce. Thus,ijotith type; is  approximation mechanisif the solution it computes is
scheduled if it is scheduled with type. O guaranteed to be within a multiplicative constaritom the

. optimal solution.
Lemma 3. User : pays more if she declares her job P

type 0; = (%duwz» hi) than if she declared); = Theorem 3. NMPJS is an-approximation mechanism for
(0i, diy wi, hy), Whered < di, w; = wj, andh > h;. the objectivemax ZZ vi - (t; + hy < dy).

Proof. The job of typed; is more difficult to schedule than
when it has typd),. BL places jobs into the first position
that they fit in. There are fewer positions where the algo-
rithm can place large jobs compared to the case of plac-
ing small jobs. Thus, the smallest value for which jobf
type 6; can be scheduled is larger than in the case it has
typed, . This implies that the payment is higher and thus

ui(g(ég,é_i),&i) > ui(g(é,-,é_i),@i). L] OPT = Z’Ui § Z’UZ‘ § Zl}l § nvi.
=2 i=1 i=1

Lemma 4. If job i is scheduled when its declared type is

0; = (04, di,b;, hi) and it is also scheduled when its de- It follows that the schedule computed by NMPJS js: -
clared type |39’ (vl,d“w“ i), whered; # v;, then user OPT. Therefore, NMPJS is an-approximation mecha-
1 pays the same amount. nism. O

Proof. As always, assume that the declarations are ordered
by non-increasing value. In the pathological case, NMPJS
schedules only job 1 while the optimal algorithm schedules
the othern — 1 jobs. LetOPT be the sum of values of the
jobs scheduled by the optimal algorithm. We have



Note that NMPJS does not solve the traditional schedul-
ing problem that has the objectives of minimizing makespan
or response time. The objective considered in this paper is
the sum of the job values. The values considered in this pa-z
per do not have any relationship to the dimensions of the £
jobs. Therefore, we will not focus here on a direct compari- £
son between NMPJS and the existing scheduling algorithmsz
in the literature.

6. Experimental Results

In this section we study by simulation the properties of
the NMPJS mechanism. A simulator written in the Ruby
programming language was developed specifically for this
purpose. We study a system comprising= 64 processors
andn = 16 jobs. The true types of the users jobs are as

20 .

40 - —

.60 1 1 1 1 1 1 1
1 2 3 4 5 6 7

Case

Figure 1. User 4’s utility and payment.
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{32 ifiisodd U
YT Y24 ifiiseven
hi = 50 Figure 2. Sum of utility, payments, and values

We examine the system from user 4’s perspective. We

consider seven cases of potential misreports by user 4.

1. User4 declares her type truthfully.

2. User4 declares her type such that = r}, wherer}
is the payment computed in case 1.

3. User4 declares her type such that > vy.

4. User4 declares her type such that < r}, wherer}
is the payment computed in case 1.

5. User4 declares her type such thag > w;.

6. User4 declares her type such thag < w;.

7. User4 declares her type such thét < dy.

for the entire system.

seven cases. Let, be the payment whes is truthful. In

case 2, sincé, = r}, the job is scheduled and she pays
r4 = r}. Her utility is unchanged as she values the job the
same in all cases. In case 3, she declares the job more valu-
able, but as expected, she pays the same and her utility is
unchanged. In case 4, the job is not scheduled,as
which results in zero utility for job 4. Since the user re-
guests more processors in case 5, her job is more difficult to
schedule and it can be positioned in fewer locations. This

The parameters for the above cases are given in Table 1_resu_|ts ir\ a payr'n.ervt4 > rjandin a gorrgsponding re-
The types were selected so that when the users truthfullyduction in her utility. Even though the job is scheduled in
report their types, all jobs can be scheduled. Due to spacecase 6, the dearth of allotted processors result in job fail-

limitation not all possible cases of misreports are pressbnt
in this paper.

We first consider the consequences of usgbehavior
on her utility and payment. Figure 1 giveg andr, for the

Table 1. Job 4's parameters.
Case 1 2 3 4 5 6 7

U4 65 50 83 47 65 65 65
dy 150 150 150 150 150 150 100
Wy 24 24 24 24 48 12 24
hy 50 50 50 50 50 50 50

ure. Thuspy, = 0 andvy — r4 < 0. In the final case, the
decreased deadline reduces the available positions where i
can be scheduled and thus, the payment increases leading to
decreased utility.

The total utility, . u,, the total payments} _ r;, and
the total valued_ v; for the jobs that are scheduled in the
simulation are given in Figure 2. For the first three cases,
the sums of the values are equal. The sum of the utilities
is greater in case 2 as the smaligrresults in smaller pay-
ments and a resulting increase in utility for users 1, 2, and 3
The value reduction does not alter any other user’s payment.



In case 3, the positions of jobs 2 and 4 are interchanged, [5] J. Blazewicz, M. Machowiak, and J. Weglarz. Schedul-

but this change does not affect their payment. In case 4, ing malleable tasks on parallel processors to minimize the
the sum of the values decreasestas not scheduled. The makespanAnn. Oper. Res129:65-80, 2004.

resulting additional available processors reduce coiment ~ [6] J- Buisson, O. Sonmez, H. Mohamed, W. Lammers, and
among jobs, which lowers payments. Since jokequests D. Epema. Scheduling malleable applications in multiclus-
more processors in case 5, job 8 is no longer scheduled ter systems. IiProc. of the IEEE Int. Conf. on Cluster Com-

N . . . puting (Cluster '07) pages 372—-381, 2007.
resulting in a decrease in the sum of values. Without job [7] B. Chazelle. The bottom-left bin-packing heurstic: an ef-

8, there is greater resource availability, which lowers-pay ficient implementation.|[EEE Trans. Comput.32(8):697—
ments with respect to case 1. In case 6, the sum of utilities is 707, 1983.

small due to uset’s decrease in utility. The sum of utilities [8] D.G. Feitelson and L. Rudolph. Toward convergence in job

is lower and the sum of payments is higher due to the limited schedulers for parallel supercomputers. In D. G. Feitelson
schedulability off. The configuration results in uséipay- and L. Rudolph, editorslob Scheduling Strategies for Par-
ing more, which reduces her utility. The other users are not allel Processingpages 1-26. Springer-Verlag, 1996.

] J. T. Havill and W. Mao. Competitive online scheduling of
perfectly malleable jobs with setup timdsuropean J. Oper.
Res, 187:1126-1142, 2008.
K. Jansen and H. Zhang. An approximation algorithm for
: scheduling malleable tasks under general precedence con-

7. Conclusion straints.ACM Trans. Algorithms2(3):416-434, 2006.

In this paper we designed the incentive-compatible NM- [11] O.-H. Kwon and K.-Y. Chwa. Scheduling parallel tasks with
PJS mechanism for scheduling non-malleable parallel jobs ~ individual deadlines. Theoret. Comput. S¢i215(1):209-
on a parallel system. Since the mechanism is incentive- 223, 1999.

compatible, each user will truthfully report their type tet [12] A Lc.’d" S, Martel!o, and M. Monaci. Two-dimensional
packing problems: a survey. European J. Oper. Res.

affected by this misreport. The experiments show how the [9
misreports of jobs’ parameters can lead to decreasedyutilit
for the users and decrease in the total value for the system. [10]

mechanism as this action results in utility maximization, i 141(2):241-252, 2002
re§pe9tiv_63 _Of the ot.hers'. actions. The mecha_nism alsg sat-[13] W. T. Ludwig. Algorithms for scheduling malleable and
isfies individual rationality: truthful agents will neven-i nonmalleable parallel tasksPhD thesis, University of Wis-

cur a loss. To the best of our knowledge, NMPJS is the consin at Madison, Madison, WI, USA, 1995.
first incentive-compatible mechanism for scheduling non- [14] G. Mounk, C. Rapine, and D. Trystram. Efficient approxi-

malleable parallel jobs. It is also an example of incentive- mation algorithms for scheduling malleable tasksPhoc.
compatible mechanism for multi-parameter, multi-domain of the 11th ACM Symp. on Parallel Algorithms and Archi-
agent types. tectures (SPAA '99pages 23-32, 1999.

. . . [15] N. Nisan and A. Ronen. Algorithmic mechanism design.

This work studied only non-malleable parallel jobs. For Games Econom. Beha@5:166-196, 2001
future work we are planning to investigate the design of [16] N. Nisan, T. RoughgarderE. Tardos, and V. V. Vazirani,
mechanisms for moldable and malleable job scheduling editors. Algorithmic Game TheoryCambridge University,
problems. 2007.
[17] D. C. Parkes. Online mechanisms. In N. Nisan, T. Rough-
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