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Abstract for this self-interested behavior. Mechanism design the-
ory takes into account the selfishness of the participarts an
In this paper we augment DLT (Divisible Load The- provides a framework for designing such protocdikecha-
ory) with incentives such that it is beneficial for proces- nism design theorig a field of economics that has recently
sors to report their true processing capacity and compute garnered interest in computer science. It addreiseestive
their assignments at full capacity. We propose a strate- compatibility whererational agents, which are character-
gyproof mechanism with verification for scheduling divis- ized as self-interested and utility-maximizing, are pd®d
ible loads in linear networks with boundary load origina- incentives which induce a behavior that maximizes the so-
tion. The mechanism provides incentives to processors forcial welfare. An agent is parametrized by private values.
reporting deviants. The deviants are penalized which abate A strategyproof mechanismesults in a participant maxi-
their willingness to deviate in the first place. We prove that mizing its utility if and only if it truthfully reports its pi
the mechanism is strategyproof and satisfies the voluntaryvate parameters and follows the specified algorithm. Each
participation condition. agent in a general mechanism hagatuation functiorthat
guantifies the agent’s benefit. The mechanism awpags
mentsto the participants in order to motivate them to report
their true valuation. An agent’s objective is to maximize it
utility which is the sum of the valuation and payment. In
L . ... the context of divisible load scheduling, we have several re
. Scheduling is one .Of the most SFUd'ed topics in dis- source providers that offer processor time. We assume that
trlbuted.systt_ar.ng. This paper co nsiders th? problem 0feach resource is characterized by its job processing rate. A
scheduling divisible loads which IS characterlzed by. large load allocation mechanism assigns load to each resource.
f’ata .sets where every el_ement within the set requIresS arpe sliocation mechanism is strategyproof if and only if a
!dentlcal type of processing. The set can be_: part|t|o_ned resource owner maximizes her utility by reporting the true
into any number of fractions where each fraction requires processing rate to the mechanism. Furthermore, the utility

scheduling. o =
is independent of the values reported by the other patrtici-
Divisible Load Theory (DLT) studies the scheduling of pants. P P y P

divisible loads in distributed systems considering défer ]
network architectures [6]. DLT assumes that the processors N our previous work [9, 14], we showed how DLT can
are obedient,e., they do not “cheat” or perform any action P& augmented with incentives. We designed strategyproof
that is not explicitly prescribed by the algorithm. This as- Mechanisms for scheduling divisible loadsbins and tree
sumption is not valid in the real world systems where the N€tworkscomprising strategic processors. The mechanisms
processors are owned and operated by autonomous, selforovide incentives to th_e processors to participate a_nd—to r
interested organizations that haveanpriori motivation for ~ POrt their true processing rate. The agents maximize their
cooperation and they are tempted to manipulate the a|go_w_elfare by truthf_ully reporting their values to the r_necha—
rithms in hope of increased benefits. Considering this type NiSM and executing their assignments at full capacity.

of environment, the processors should be properly modeled
as strategicagents. New protocols for DLT must account

1. Introduction

Our contributions.In this paper, we augment DLT with in-
centives for scheduling divisible loads limear networks
1-4244-0910-1/07/$20.08)2007 |EEE. comprising strategic processors. We propose a strate-




gyproof mechanism with verification for scheduling divis- 2. Divisible Load Scheduling

ible loads in linear networks. The mechanism solves the

scheduling problem in linear networks with boundary load

origination. The mechanism is an exampleaotonomous We consider a distributed system comprising+ 1

node mechanisrfiLl7], where the agents.€., the proces-  processors connected inlimear network ProcessorP;

sors) have control ovéyoththe inputs to the algorithm and (i = 0,...,m) is characterized byy;, which is the time

the algorithm itself. The self-interested processors imiH it takes to process a unit load. The processor is assigned

plement an algorithm different from what is prescribed if it units of load and it takes time;w; to compute its assign-

is beneficial to do so. To cope with this scenario, processorsment, which corresponds to a linear cost model. If the entire

are provided incentives to report deviants. The mechanismload to be scheduled is one unit, ther< «; < 1. We as-

penalizes the deviants, which abates their willingneseto d sume that the processors have front-ends that permit simul-

viate. taneous communication and processing. Further, a sender
may communicate with only one recipient at any instant,

Related WOI‘kRecenﬂy, the divisible load SChedu”ng pI‘Ob- i'e" we assume the One_por‘t model. A processor can begin

lem was studied extensively resulting in a cohesive theory computing as soon as it has received its entire assignment.

called Divisible Load Theory (DLT) [2, 3, 6, 7, 19, 21]. The |oad originates at theot, which we designate to be
New results and open research problems in DLT are pre-processorP,. ProcessorP;_; (j = 1,...,m) transmits

sented in [3]. A wide range of applications used DLT al-  _ ; -1 : : .
orithms to schedule loads [4, 5, 8, 10, 16]. All these b; =1 ko Ok UNIS of load to lts successaf, in

9 T P ' time D,z;, wherez; is the time it takes to communicate

works assumed that the participants in the load schedul-

! > X a unit load fromP;_; to P; over link /;. We denote by
ing algorithms are obedient. Recently, several reseascher , _ (a0 am) the vector of load allocations. Processor
= (ag,...,0m .

considered the mechanism design theory to solve severaIPi finishes its assignment in tin& (), which is the total
computational problems that involve self-interestedipart 16 to receive. transmit. and compute.

ipants. These problems include task scheduling [20], rout- i ks diff .
ing [11] and multicast transmission [12]. In their semi- There are two types of linear networks differentiated by

nal paper, Nisan and Ronen [18] considered for the first the location of the_ rpot processor. The linear network with
time the mechanism design problem in a computational set-20undary load originatiorhas the root processor at one
ting. They proposed and studied a VCG (Vickrey-Clarke- of the network extremesq,e., pr.ocessorPO is a t"erml_nal
Groves) type mechanism for the shortest path in graphsPrOCessor. In the case of a linear network wittiterior
where edges belong to self interested agents. They a|sdqad originationthe ropt is an mterlqr processor with f[WO
provided a mechanism for solving the problem of schedul- diréctly-connected neighbors. In this paper we consider a
ing tasks on unrelated machines. A general framework INéar network with boundary load origination.

for designing strategyproof mechanisms for one parameter We use the following assumptions in characterizing the
agent was proposed by Archer and Tardos [1]. They devel-models: (i) The communication startup time is negligible;
oped a general method to design strategyproof mechanisméii) The time for passing messages in the network is negli-
for optimization problems that have general objective func gible when compared to the time taken for communication
tions and restricted form for valuations. The results and and processing of computational loads; (iii) The time taken
the challenges of designing distributed mechanisms are surfor returning the result of the load processing back to the
veyed in [13]. Mitchell and Teague [17] extended the dis- root is small.

tributed mechanism in [12] devising a new model where the  Figure 1 illustrates @m + 1)-processor linear network
agents themselves implement the mechanism, thus allowingyith boundary load origination. In Figure 2, we present a
them to deviate from the algorithm. Grosu and Chronopou- Gantt chart depicting the execution time of the system. The
los [15] proposed a strategyproof mechanism that solves thecommunication time is represented above the time axis and
static load balancing problem in distributed systems.t&tra  the computation time is represented below the time axis. We
gyproof mechanisms with verification combining incentives genote byP = (P, ..., P,) the processor set composing
and DLT were proposed by Grosu and Carroll [9, 14]. the network. From the diagram, it is easily observed that

Organization.The paper is structured as follows. In Sect. 2

we describe the divisible load scheduling problem in the

context of linear networks. In Sect. 3 we discuss the mech- @ Zl @ @ o @

anism design foundations. In Sect. 4 we present our pro-

posed mechanism. In Sect. 5 we prove the properties of

our new mechanism. In Sect. 6 we draw conclusions and ~ Figure 1. An (m+1)-processor linear network
present future directions. with boundary load origination.
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Figure 2. Execution on a (m + 1)-processor
linear network with the load originating at the
boundary.
the finishing timeT; () is
To(a) = QoW (21)
andforj=1,...,m
T ( ) 0 if Q5 = 0,
(o) = i _ .
’ . (1 — Zfzol Oég) 2k + ajw;  if a; > 0.
(2.2)

We associate a scheduling problem with the sys-
tem described above. We call this problem LINEAR
BOUNDARY-LINEAR. The two words before the hyphen
identify the network type and the word following the hy-

phen identifies the cost model. The goal of this problem is

to solve for the optimal load allocatiam which minimizes
the total execution tim&' () = max(Ty(x), ..., Tm(a)).
It is defined asnin,, T'(cx) subject to the constraints; >
0,i=0,...,mand)_""  a; = 1. The following theorem

proved in [6] characterizes the optimal solution.

Theorem 2.1(Participation) In a given linear network, the
optimal solution is obtained when all processors partitga

() = A9
—

Figure 3. The reduction of processors P; and
P,y to a single equivalent processor.

illustrates a reduction of processdfsand P, ;. We com-
pute the processing time for the equivalent processor that
replaces consecutive process@ps, . . ., P;. ) by logically
disconnecting the segment from the network and computing
the load allocation vectaw for it. The equivalent process-
ing timew; (i.e., the time to process a unit load by the equiv-
alent processor) is given by

w; = max(T;(a),. ..

Tiys(a@)). (2.3)

If o is optimal {.e., o minimizesT'(c)), w; reduces to

(2.4)

Before continuing, we must introduce additional nota-
tion.

Notation. Let D; be the fraction of the original load re-
ceived byP; (i = 0,...,m) and leta;D; (0 < &; < 1)

be the load retained for computing 8 and (1 — &;)D;

be the load transmitted to its successor. We denote by
& = (&, .., &) the vector of local load allocations as
fractions of the received workload. Procesd@y, must
compute all the received load and thds, = 1. The re-

lationship between; andd; is

Qg = (3&0 (25)

j—1
aj<]'[(1ak)>aj, j=1,...,m. (2.6)

k=0

For linear networks with a boundary root comprising
more than two processors, we recursively reduce the net-
work, collapsing the two farthest processors from the root
at a time until the entire network is represented by a sin-

and they all finish executing their assigned load at the samegle processor. We derive the following equation for optimal

instant, i.e.To(a) = - = Tip ().

We introduce the concepts of reduction and equivalent

processors used to solve the above probléeductionis

local load allocation for processof3 and P, ;:

Qw; = (1 - ézi)(ziﬂ + wi+1). (27)

the technique which collapses a set of connected proces-

sors and the associated internal links into a siegleivalent

The following algorithm solves the LINEAR BOUNDARY-

processorthat replaces the collapsed processors. Figure 3LINEAR scheduling problem.



Algorithm 1 (LINEAR BOUNDARY-LINEAR

Input: Processing capacities, . .
Link capacitieszy, . . ., zm;
Output: Load allocationsyy, . . . , a;y,;

Oy — 1

Wiy — Wiy
fori=m-—1,...,0;do
e Y @)
Replace processof3 and P, ; with
a single equivalent processor with
processing timeu;

.D 1

.fori=0,...,m;do

D~ D(1-¢&)

* 7w7n;

OAéi<—

oo AW e

S © o~
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In the above algorithm it is assumed thatreports its

Definition 3.1 (Mechanism with Verification) A mecha-
nism with verificationis characterized by two functions.

(i) The output functiona(w) = (a1 (W), ..., am(W)).
The input to this function is the vector of agents’ bids=
(w1,...,wy)anda € A.

(i) The payment functionQ(w,w) = (Q1(w,w),

.y Qm (W, W)), where@;(w, w) is the payment handed
by the mechanism to agent

Notation. In the rest of the paper, we denote by ; the
vector of bids excluding the bid of agentThe vectow is
represented byw_;, w;).

The following defines an important property in that an
agent will maximize its utility wheno; = w; = t; indepen-
dent of the actions of the other agents.

Definition 3.2 (Strategyproof Mechanism)A mechanism
is called strategyproofif for every agent; of typet; and
for every bidsw_; of the other agents, the agent’s utility is

true rate to the mechanism. When the processors are ownenaximized when it declares its real typdi.e., truth-telling
and operated by disparate, autonomous organizations thais @ dominant strategy).

are self-interested and welfare-maximizing, they will rais
port their processing capacity or deviate from the algaonith

The next property guarantees non-negative utility for

in hope of generating increased profits. In the subsequentruthful agents. This is important as agents willfully par-
sections, we present a mechanism that provides incentivedicipate in hope of profits.

to the agents to report truthfully and that fine agents that
deviate from the algorithm.

3. Mechanism Design Framework

In this section, we introduce the main concepts of mech-
anism design theory. We limit our discussion to mecha-

Definition 3.3 (Moluntary Participation Mechanism)We
say that a mechanism satisfies t@untary participation
condition if U;((w_;,Ww;) > 0 for every agenti, true
valuet;, and other agents’ bidsv_; (i.e., truthful agents
never incur a loss).

There are two models for characterizing distributed

nisms for one parameter agents. Each agent in this mechmechanisms. They differ in the degree of control that the
anism design problem is characterized by private data rep-agents have. A mechanism igamper-proof mechanism

resented by a single real value [18]. Mechanism design
problem for one parameter agensscharacterized by

(i) A finite set A of allowed outputs. The output is a
vectora(w) = (a1(w),..., an(w))e A, computed ac-
cording to the agents’ bidsy = (w1, ..., w,,). Here,w;
is the bid of agent.

(i) Each agent (¢ = 1,...,m) has a privately known
value ¢; called thetrue valueand a publicly known pa-
rameterw; called theactual value wherew; > t;. The
preferences of agemtare given by a function calleealua-
tion V;(a, w).

(iii) Each agent goal is to maximize itgility. The utility
of agenti isU;(w, W) = Q;(w, W) + V;(a(w), W), where
Q; is the payment handed by the mechanism to agant

if the agents control the inputs. In these types of mecha-
nism, an agent can only specify its inputs and thus, the only
method of cheating is altering its inputs. A more general
model is the autonomous node model. A mechanism is an
autonomous nodmechanism if the agents control both the
inputs and the algorithm. An agent will implement an algo-
rithm different from what is specified if it is beneficial to do
so. In this paper we consider the autonomous node model.
We assume that each processor is characterized by a val-
uation function which in this case is equal to the cost of
processing a given load. A processor wants to maximize
its utility which is the sum of its valuation and the payment
given to it. A processoP; is parametrized by its true pro-
cessing timeg;. It bids its processing time; to the mech-

w is the vector of actual values. The payments are handedanism, wherav; may be different than the true processing

to the agents after the mechanism leakns
(iv) The goal of the mechanism is to select an ouiput
that optimizes a given cost functigiw, o).

timet;. P, may choose to process its assignment at a differ-
ent speed than either its true timyeor bid timew;. This is
its actual processing time;, wherew; > t;.



4. The Proposed Mechanism

We propose the Divisible Load Scheduling-Linear Bus
Linear (DLS-LBL) mechanism for scheduling divisible
loads in boundary origination linear networks. The system

model comprisesn + 1 processors, wheré, is the root.

The root processor is obedient as it performs tasks on be-

half of the mechanism. We model the remainingproces-

sors as strategic nodes. We assume that the communication
links are obedient and that the communication protocols are

tamper-proof.

Notation. Let SK; be the private key of a public key
set possessed by procesdgr The secure digital signa-

ture of messagen under SK; is sig;(m). The message

dsm;(m) = (m,sig;(m)) is the digitally signed message

m under private keys K;.

The description of the DLS-LBL mechanism follow. In-

formally, we assume the existence gbayment infrastruc-

ture and apublic key infrastructur¢PKI). We assume that

all processors have a public cryptographic key set and that
the public key from the set is registered with the PKI. Fur-
thermore, we assume a processbiknows its predecessor

P;_1; the predecessor af;_;, P;_5; and successaoP;, 1
and it is capable of verifying their signatures.

A processorP; computes its assigned loadaotual pro-
cessing timeb;, wherew; > t;. We cope with this situation

by employing a strategyproof mechanism with verification.

The goal of astrategyproof mechanism with verificatian

to give incentives to agents such that it is beneficial fonthe
to report their values and process the assignment using thei
full capacity. In order to achieve this goal, we augment each

processoP; with a tamper-proof meter that records. The
meter reports the value @dsmg(w;).

DLS-LBL Mechanism

Phase | (Computing local load allocation vectak) This

phase corresponds to the computation of the vaitor

(steps 1. —5.) in Algorithm 2 (LINEAR BOUNDARY-
LINEAR). ProcessoP; (i = 0,...,m) computes its

bid w;, wherew; is the equivalent processing time of

sor Py penalizesP; with a fine of F' and rewards it

to P,_ if the claim is substantiated. The quantity
must be larger than any potential profits attainable by
cheating. IfP, exculpates’;, P;_, is fined F' and P,

is rewardedF'.

Phase Il (Computing load allocation vectar) We com-

pute the load allocation vecter from the local load
allocation vectora computed in the previous phase.
This phase corresponds to steps 7. — 10. of Algo-
rithm 1. ProcessoP, sends the message

G1 = (dSmo(DQ), dSHlo(Dl), dSmo(wo),

~ (4.1)

dsmg(wo), dsmo(w01))
to P, and processaP;_; (i = 2,...,m) transmits the
message

Gi = (dsmi_g(Di_l), dsmi_l(Di),
dsmi,g(ﬁii,l), dSHlZ',l(wZ',l)7 (4.2)

dSII’li_ 1 (@1 ))

to successot?;, whereD; (j = 0,...,m) is the
quantity of load received by processdy defined as
Dy = 1 (root must handle the entire initial load) and
D; = [[i_4(1 — ap) for j = 1,...,m. Processor
P; verifies the message authenticity and integrity and
it terminates the protocol if either check fails. It ver-
ifies that its biddsm;_ (w;) is contained within the
message and that;_, = &;_jw;_1 andd; _jw;_1 =

(1 — &i_l)(wi + Zi), whereda;_1 = % Again,

it terminates the protocol if the checks fail. If the ter-
mination is due to the reception of contradictory mes-
sages or incorrect computatiorf3,sends the evidence
to Py. The root finesP;_; a sum ofF’ and rewards it

to P; if the root can substantiate the claim. Otherwise,
processo; is penalized” which is rewarded t@; ;.

In either case, processors not partaking in complaints
receive zero utility. Processdt; computes its load al-
locationa; = D;éy;.

processorP’; and its successors. The equivalent pro- phase Il (Load distribution and computatidihe load is

cessing timew; is given byw,; = &;w; (2.4), where
~ ~ w ; +z; .

Ay = landOéj = mfor] :0,...,m—1
(given by (2.7)). Processap; (i = 1,...,m) trans-
mits its biddsm; (w;) to its predecessaP;_;. We de-

note byw = (wy, . . ., w,,) the vector of bids. Proces-
sor P;_; terminates the protocol if it does not receive a
message, receives malformed or inauthentic messages,
or receives contradictory messages. Messages are con-
tradictory when two or more authentic messages hav-
ing different contents are received from a sender. In
the event that processdr;_; receives contradictory
messages, the evidence is submitted?40 Proces-

distributed from processor to processor until all pro-
cessors receive their assignment. Beginning with the
root, processoP; (i = 0, ..., m—1) distributesl — &;
work units to its successdr,1; processorP; retains

&; work units for itself to compute. In order to increase
its utility (we disclose the reasons shortly), a processor
P; may deviate fromn; by retainingéa; work units,
where0 < &; < «;. Leta; be theactual local load
allocationwhich corresponds té;. P; will distribute

1 — &; fractions of work to it successdr, . ; and thus,
increasing the successors’ work load. To combat this
scenario, we assume that the data is embedded with a



deviceA,; that permits processdr; to prove it received
no more tham; work units'. When a processar;,
receives too much worki.€., D;&; > «;), it itself

computes the additional; — «; units. When process-

ing is completed, processdr;,; notifies the root of

receiving additional load. It supports its claim by sub-

mitting Grievance; 11 = (Git1, Mit1,dsmg(w;)). If

the claim is valid, offendet”; is penalized the sum

F + (@11 — aj—1)w;41 and the victimP;; is re-

wardedF'. In the next phase, the mechanism compen-

satesP;, the amoun{&;4+1 — a;—1)w;+1 for the ad-
ditional work it performed.

Phase IV (Payment computationProcessorP; (i =
0,...,m) computes its own payment. Processor

behaves obediently and thus does not require a bonus

is therecompense functiahat reimburses overloaded
processors for performing additional work. Thenus
functionis

Bj(aj, wj—1,w;,w;, w;) =

(4.9)

wj—1 — Wj—1(a((wj—1,w;)), (wj-1,d;))-

The fUnCtion’J}j_l(a((wj_l, 1IJj))7 (U}j_l, ”LZ)])) is the
processing time of the equivalent processor comprising
P;_; and its successors adjusted for the actual process-
ing time of P;, where

to obey the mechanism. The mechanism reimburses

processot, for the work it performed. Theitility Uy
of Py is

U (g, o) = Vo(ao, o) + Colag, i),  (4.3)
where Vb(ao,wo) = —apWo and Co(()éo,ﬁ]o) =
aowy. ThereforeUy = 0. The goal of processap;
(j = 1,...,m) is to maximize its utility. The utility
U; of processofP; is

Uj = Vj(ay, w;) + Qj (e, &j, wj—1, Wy, wy, wy)
(4.4)

where
Vj(a;, ;) = —a;w, (4.5)
is thevaluation function Thepayment function; is

Qj(ay, &y, wij—1, W5, wj, W;) =

0 if &, — 0,
Cj(aj, aj,w;) + Bj(ay, wj—1,5,w;j,w;) if &; >0,

(4.6)
where
Cjlay, &y, w5) = oy + Ej(aj, ayw;)  (4.7)
is thecompensation functioand
0 if a; < ay
Ei(aj, &;,w;) = 7 7 4.8
(0, 0) {(5@‘ —ag)w; if ay > ay, “9)

IData preparation is an example of a simple We divide the data
into equal-sized blocks and then append to each a uniquéomaidenti-
fier. The identifier space must be large enough so that the pilafpaf
an agent successfully guessing a valid identifier is smalbn8tting the
identifiers allowsP; to show the amount of data it received.

Win, = W (4.10)
and
vy, If by, >
iy, = {a’“w’“ MRS (% K
Wi if wy, < W,
fork =1,...,m — 1. The processing timé; is the

bid time of the equivalent processor comprisifgand

its successors adjusted for the actual performance of
P;. The timew, is dominated by the performance of
processoliP’; when it runs slower than bitio; > w;);

if P; runs fastefw; < w;), the equivalent processing
time remains unchanged. Processbsaves

Proof; =(Gj,dsm;1(w;—1),dsm;(w;),

dsmo (i), A,) (#4.12)

as evidence of correct payment computation. Proces-
sor P; submits billQ; to the payment infrastructure.
With probability ¢, where0 < ¢ < 1, the root requests
Proof; from P;. If P; fails to provide a valid proof, it

is penalizedr'/q.

This concludes the descriptions of the DLS-LBL mech-
anism. The mechanism as described is valid for selfish-but-
agreeable agents but not for selfish-and-annoying agents. A
selfish-but-agreeablagent will deviate from the algorithm
only if it strictly improves its welfare, while aelfish-and-
annoyingagent will only follow the prescribed algorithm if
it is the only action that maximizes its welfare. The selfish-
and-annoying processors will subvert the mechanism by
performing undesirable actions.(, corrupting data, send-
ing the same data set to multiple children, etc.) where their
behavior is not constrained by incentives or penaltieshdf t
load is associated with a problem where the solution can be
verified (.9, searches, factorizations), we can easily amend
the mechanism to tolerate selfish-and-annoying processors
We begin by altering (4.6) to

Qj(ay, &y, wj—1, Wy, wj, W) =
0 if & = 0,
Cj(ay, aj,w;)+

Bj(a, wj—r, wj, wj, w;) + 5

(4.13)

if &; >0,



where S is thesolution bonus S = 0 if a solution is not
found andS = s if a solution is found. The bonus is

a small, positive quantity that rewards agents for follagvin
the given algorithm. Selfish-and-annoying agents will not
risk the loss ofs; hence, they will not deviate from the pre-
scribed algorithm.

5. DLS-LBL Properties

In this section we study the properties of DLS-LBL. We
first prove the strategyproofness of the mechanism.

Lemma 5.1. A selfish-but-agreeable processor will be fined
for deviating from the DLS-LBL mechanism.

Proof. Let P; be a selfish-but-agreeable agent. A selfish-
but-agreeable agent will deviate from the algorithm if the
action is beneficial.e., U; > U;, whereU; is the utility of

a deviatingP;. ProcessoP; may deviate from the algorithm
by: (i) sending contradictory messages in Phase | or Il, (ii)
incorrectly computingw; in Phase | orD;,; in Phase II,
(iii) decreasing its work load®; < «;) and thus increas-
ing its successors’ work load®{(1 — &;) > D;(1 — «;)

in Phase lll, (iv) overcharging in Phase IV, or (v) falsely
accusing another of cheating in Phase |, Il, and lll. Pro-
cessorP; will not deviate in other fashionse(g, corrupt-

Theorem 5.1. (Selfish-but-Agreeable Agent Compliande)
selfish-but-agreeable processor does not have incentives t
deviate from DLS-LBL.

Proof. Following from Lemma 5.1 and 5.2, a selfish-but-
agreeable processét will be fined for and only for deviat-
ing. The fine is larger than any profits attainable by cheating
and thus will abate any willingness to cheat. Therefore, the
processot?; will not deviate. O

Theorem 5.2. (Selfish-and-Annoying Agent Complianée)
selfish-and-annoying agent does not have incentives to de-
viate from DLS-LBL if the solution bonus function is em-
ployed.

Proof. Let processorP; be a selfish-and-annoying agent.
Theorem 5.2 handles the cases in which deviation is ben-
eficial, i.e., U] > U,;, whereU] is the utility of the devi-
ating P;. Processor?; will deviate as long as there is no
reduction in utility,i.e, U/ = U,. Examples includeP;
corrupting data or sending the same data to different chil-
dren. These actions reduce the probability of obtaining a
solution and thus, reduce the probability of receiving the
solution bonus. Processéy is welfare maximizing; hence,

it will not choose to perform such actions. Therefore, pro-
cessor; does not have incentives to deviate from the mech-
anism. O

ing data) because there is no benefits to do so. We com-
bat these situations by rewarding processors who report deL.emma 5.3. The mechanism is strategyproof if the proces-
viants. In any instance that a deviant is caught, it is penal-Sors do not deviate from the algorithm.

ized a sum greater than any profits attainable by cheating
We now show that for each case, the mechanism detect
cheating processors. In case (i), the recipient will report U=V, +Q;

'sProof. The utility U; of processorP; is

=G + oW + (G — o) Wi+

P;. In case (i), the successét ., validates the values in
messages, 1. If inconsistencies are discoverelt,,; re-
ports P;. In case (iii), successdar, ., reportsP; for receiv-
ing the additional load. In case (iv), the fid&/q, where

0 < g < 1 is the probability of challenge, is the deterrent
for overcharging. The complete proof for case (iv) can be
found in [17]. In case (v), processdt; does not have the
evidence to substantiate its claim and thus it is fined.[J

Lemma 5.2. A processor receives a fine only if it has devi-
ated from DLS-LBL.

Proof. ProcessorP; is fined for either deviating from the
protocol or another processét; (i # j) produces contra-
dictory messages signed 8%. In the first casep; clearly
deviates from the algorithm. In the second caBgsigns
the messages either by successfully forging signature
or by possessing private ke#(;. We assume that the forg-
ing of signatures is impossible. ProcessyrobtainsSK;
either by P; sharing it or by stealing it fronP;. It is a vio-
lation of the mechanism for a second party to pos$dss
Thus, P; is fined for protocol deviation. O

(5.1)

wi—1 — Wi—1 (a((wi—1,W;)), (wi—1,W;)).

We assume that the processors do not deviate from the algo-
rithm and thus, abide by the computed load allocati@n,

&; = «;. The Utlllty U; is
Ui = wi—1 — Wi—1(a((wi—1,0;)), (wi—1,%;)). (5.2)

We consider two cases:

(i) w; = t;, i.e, processorP; computes the load at
full capacity. AssumeP; is a terminal processor. ®; bids
its true valuew; = t;, then its utility U is

Uf = wi—1 — wi—1(a((wi—1,t:)), (wi—1,t;))

. (5.3)
= Wij—1 — W;_1-
If P; bids lower (! < t;), then its utilityU! is
Ul = w;—1 — Wi—1(a((w;— ,wﬁ s (wi— ,ti
; 1 1(e((wi—1, w;)), (wi-1,t;)) (5.4)

—1l
= Wij—1 — W;_1-



We want to showUs > U/, which reduces to showing

w¢ , < w!_,. By the LINEAR BOUNDARY-LINEAR
algorithm, we know thatx((w;_1,t;)) is optimal. By bid-

ding lower than the true vald; is assigned more load and
the other processors are assigned less load. The greater

load will increase the execution time & and increase the
equivalent processing rate such thigt , < @! . There-
fore, U¢ > U!. The other possibility is thaP; bids higher
(wh > ;). Its utility U/ is

Ul = wisy =t (@l (i) (weat)

—h
= Wij—1 — W;_1-

Similar to above, we want to show¢ > U!. Bidding
higher than the true value results in reduced loaé’tand
increased load to the other processors. Smfev;_1,t;))
is optimal,w¢_, < w! | and thusUg > U}

We now assumé; to be an interior processor. F; bids
its true value @ = t;), then its utilityU¢ is

Uf = w1 — wi—1(a((wi—1,05)), (wi—1, 7))
= wi—1 — Wi—1(a((wi—1,w0f)), (wi—1,&t;)) (5.6)

J— €
= Wi-1 — Wi

wherews is the processing rate of equivalent procesBor
If P; bids lower(w! < t;), then its utilityU} is

Ul = w1 — wi—1 (a((wi—1, @), (wi—1, Giwt)) 5.7)

— -
= Wi-1 — Wi

wherew! is the equivalent processing rate Bf We know
that a((w;—1,ws)) is the optimal allocation by the LIN-
EAR BOUNDARY-LINEAR algorithm. By bidding lower,
P; is assigned more loadge., ! > af. The performance
of the network is constrained b¥,. Thus,w$ , < w!
which provesU¢ > U!. Finally, if P; bids higher(w? >
t;), thenits utility U} is

Uih = Wj—1 — wi—l(a((wi—lvw?))v (Wi-1,w3)) (5.8)

— —h
= Wi—1 —W; .

h, h

wherew! = alwh. We know thato((w;_1,ws)) is the

optimal allocation. By bidding higher, less load is assi@jjne

Proof. Lemma 5.3 states that the mechanism is strate-
gyproof as long as the processors do not deviate. The pro-
cessors, by Theorem 5.1 and 5.2, do not have incentives to
deviate. Therefore, the mechanism is strategyproof. (]

We now show that the mechanism satisfies the voluntary
participation condition.

Lemma 5.4. If the processors do not deviate from the pro-
tocol, the DLS-LBL mechanism satisfies the voluntary par-
ticipation condition.

Proof. The utility U; (i = 1,...,m — 1) of an interior pro-
cessorP; when it bids its true value is

(5.9)

The utility U,,, of the terminal processaP,, when it bids
its true value is

Ui =wi—1 — Wi—1 (o((wi—1,w;)), (wi—1, &iti)).

Urn = Wm—-1—

_ _ (5.10)
wm—l(a((wm—la wm))a (wm—h tm))
The load allocatioro((w;—1,w;)), for j = 1,...,m, is
optimal. We know thatv;_; = &;_,w;_, where0 <
&;—1 < 1. Thereforew;_; < w;_; andU; > 0. O

Theorem 5.4. (Voluntary Participatio) The DLS-LBL
mechanism satisfies the voluntary participation condition

Proof. Lemma 5.4 states that the mechanism satisfy the
voluntary participation condition as long as no deviation o
curs. We know by Theorem 5.1 and 5.2 that processors are
unwilling to deviate. Therefore, the mechanism satisfies th
voluntary participation condition. O

6. Conclusion

In this paper we proposed a strategyproof mechanism,
DLS-LBL, for scheduling divisible loads in linear networks
Load origination in a linear network occurs at the root pro-
cessor. It is either a terminal processor or an interior pro-
cessor. The DLS-LBL mechanism schedules loads when
the root is a terminal processor. Through the use of incen-
tives, processors report their true parameters and process
their assignments at full capacity. Additional incentiaes
provided for reporting processors that deviate from thealg
rithm. A processor will readily report a deviant in order to

to P, and more load is assigned to the other processors thugeceive a reward. The deviants are penalized a sum greater

reducing the performance. This resultsifi < w!; hence,
Ug > Uk

(i) w; > t;, l.e, processorP; computes the load

slower than its full processing capacity. A similar argumen

as in case (i) applies. O

Theorem 5.3. (Strategyproofnessjhe DLS-LBL mecha-
nism is strategyproof.

than any profits attainable by cheating, which dissuades
them from attempting it. Besides being strategyproof, the
mechanism also satisfies the voluntary participation condi

tion. All truthful processors will obtain non-negative liti

and thus will participate in hope of profits.

Our plan for future work is to propose and study mecha-
nisms for different network architectures under various as
sumptions. The goal is to achieve a cohesive theory com-
bining DLT with incentives.
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