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Abstract The goal of this paperis to design a load balancing mech-
anism with verification. We consider a distributed system
In this paper we investigate the problem of designing in which computers are modeled by linear load-dependent
load balancing mechanisms with verification for heteroge- latency functions [1, 19]. Solving the load balancing prob-
neous distributed systems. We derive a compensation andem involves finding an allocation that minimizes the total
bonus type mechanism that solves the load balancing probatency of the system. The optimal allocation is obtained
lem in distributed systems in which computers are charac- by assigning jobs to computers in proportion to their pro-
terized by linear latency functions. We prove that our mech- cessing rates. This allocation algorithm is the basis for ou
anism is truthful and satisfies the voluntary participation mechanism. To design our mechanism we assume that each
condition. We present a simulation study to show the per-computer in the distributed system is characterized by its
formance of our mechanism. processing rate and that the true value of this rate is m@rivat
knowledge. Thevaluationof each computer is the function
that quantifies its benefit or loss and is equal to the negation
of its latency.
The load balancing mechanism with verification works
as follows. It first asks the computers to report their pro-
The study in this paper is motivated by the recent in- cessing rates. Having obtained these rates, the mechanism
creased interest in designing algorithms for resourceallo  computes the allocation and allocates the jobs to computers
tion involving self interested participants [6, 16, 18]. Afe Because we want to have a mechanism with verification the
especially interested in solving the load balancing pnwble payment to each agent is computed and given to it after the
in distributed systems where computational resources be-assigned jobs were executed. Here we assume that the pro-
long to self-interested parties (e.g. organizations, f@op cessing rate with which the jobs were actually executed is
These participants calledyentshave no a-priori motivation ~ known to the mechanism. Each computer goal is to report
for cooperation and they are tempted to manipulate the loada value for its processing rate such that its utility is maxi-
allocation algorithm if it is beneficial to do so. This behav- mized. Theutility of each computer is defined as the sum
ior may lead to poor system performance and inefficiency. of its valuation and its payment. The mechanism must be
Unlike the traditional protocols in distributed computing designed such that the agents maximize their utility only if
the new protocols must deal with the possible manipula- they report the true values of the processing rates and exe-
tions. Thus the system must provide incentives to agentscute the jobs using their full processing capacity. Also, if
to participate in the given algorithm. The solution of this each computer reports its true value and executes the jobs at
kind of problems comes from economics, more precisely the full capacity then the minimum total latency is obtained
from mechanism design theofy7]. The scope of this the- In this paper we design a mechanism with verification
ory is to provide tools and methods to design protocols for based on a compensation and bonus type mechanism. This
self interested agents. Of interest are the so caleth- type of mechanism was initially studied by Nisan and Ro-
ful mechanismi which agents are always forced to report nen [16] in the context of task scheduling on unrelated ma-
their true parameters and follow the given algorithm. chines.
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the participants are obedient and follow the algorithm. The study is performed to investigate the effectiveness of our
solution of this problem was obtained using different tech- mechanism.
nigues and models [7, 10, 20]. Organization
Recently, several researchers considered the mechanisnihe paper is structured as follows. In Section 2 we present
design theory to solve several computational problems thatthe distributed system model and formulate the load balanc-
involve self interested agents. These problems include re-ing problem. In Section 3 we design a truthful mechanism
source allocation and task scheduling [13, 21, 22], conges-with verification that solves the load balancing problem in
tion control and routing [4, 11]. distributed systems in which computers have linear load-
The closest work to our study is the paper of Nisan and dependentlatency functions. In Section 4 we investigate th
Ronen [16]. They were the first to consider the mech- effectiveness of our load balancing mechanism by simula-
anism design pr0b|em in a CQmputationa] Setting_ They tion. In Section 5 we draw conclusions and present future
studied different types of mechanisms for shortest path anddirections.
job scheduling on unrelated machines. They proposed a
VCG(Vickrey-Clarke-Groves) mechanism for solving the 2. Model and problem formulation
shortest path in graphs where edges belong to self intereste

agents and mechanisms for solving the task scheduling on \we consider a distributed system that consists of a set
unrelated machines. The VCG mechanism allows arbitrary ;v — (1,2 .. n} of n heterogeneous computers. We

form for valuations and is restricted to objective funcBon assume that each computer is characterized by a load-

defined by the sum of agents’ valuations. They also pro- dependentatency function The latency function of com-
posed a mechanism with verification that solves the problempyter; is linear onz; and has the following form:

of task scheduling on unrelated machines. Their mechanism
is a compensation and bonus type mechanism. li(x;) = a;x; Q)

Archer and Tardos [2] derived a general framework for . _ .
wherez; is the arrival rate of jobs allocated to computer

designing truthful mechanisms for optimization problems da. i . I onal to th
where the private data of each agentis described by one regft"d IS & parameter inversely proportional to the process-

valued parameter. Their method allows the design of truth- |n? rate of computef. Ahsmall (big)a; charactenzehs a _fast
ful mechanisms for optimization problems that have general (s OW) ((:jomputer.l In ot er V;OI‘dS(CUi) r&easures the time
objective functions and restricted form for valuations.-Us "€9UI'® to complete one job on compuier

ing this method they designed truthful mechanisms for sev- Mo_dels L_Jsmg Ii_near load dependent Iatency_ functions
were investigated in [1, 19]. This type of function could

eral problems in computer science. In [3] the same authors TR
represent the expected waiting time in a M/G/1 queue, un-

investigated the frugality of shortest path mechanisms. X - S )
. . der light load conditions (considering as the variance of
Using the framework presented in [2], Grosu and LT
the service time in the queue) [1].

Chronopoulos [8] designed a truthful mechanism that gives We assume that there is a large number of jobs that need

the overall optimal solution for the static load balancing : . .
S . . to be executed. These jobs arrive at the system with an ar-
problem in distributed systems in which computers are char- . . . . .
rival rate R. A feasible allocation of jobs to the computersis

acterized by M/M/1 delay functions. " N
. . avectorx = (z1,x9,. .., z,) that satisfies two conditions:
The computational aspects of the mechanisms for cost
sharing in multicast transmissions were studied by Feigen- (i) Positivity: z; > 0 i=1,2,...,m;
baumetal. in [5]. In [4] a mechanism for low cost routing in . - _
networks is studied. In both these papers the authors con-(il) Conservation:_;_, z; = R;

plementation in large distributed systems. The results andjatency

the challenges of designing distributed mechanisms are sur n n
veyed in [6]. L(x) =Y wili(w;) = Y _ ai} @3]
Our contributions =1 =1

The focus of this paper is the design of a load balancing The load balancing problem can be stated as follows:
mechanism with verification in heterogengou_s distributed Definition 2.1 (Load balancing problem) Given the job
sy_stem_s. We model the computers of the cﬁstnbuted SYSIeM, rival rate R at a distributed system withh hetero-
using linear Ioad-depen_de_nt latency functlo_ns_ we formu- geneous computers characterized by the load-dependent
Ia_te the _p_rob!em of de5|gn|ng a load balancing mef:han'Smlatency functionsl;(.), find a feasible allocatiorx =

W|Fh verification and we devise a truthfql mgchanlsm for (21,2, ..., 7,) that minimizes the total latend(x).

this problem. We prove that our mechanism is truthful and

satisfies the voluntary participation condition. A simidat The following theorem gives the solution for this problem.



Theorem 2.1 (Optimal allocation)The optimal allocation (i) Each agent, (i = 1,...,n), has a privately known

for the above load balancing problem is given by: parametet; called itstrue value(sometimes called its
. type and a publicly known parametgr> ¢; called its
Ti= =" _R i=1,2,....n 3) execqun_vaIueThe prefgrences of agen}arg; given
k=1 ar by a function calledraluationV;(x,t) = —t;z;. The

execution valueg; determines the value of the latency

This allocation gives the minimum value for the total la- function and thus the actual execution time for one job

tency:

R at agent.
L' = (4) _ o .
> k=1 an (iii) Each agent goal is to maximize itgtility. The util-
ity of agenti is U;(b,t) = Pi(b,t) + Vi(x(b),t),
Proof: In Appendix. whereP; is the payment handed by the mechanism to
In other words this theorem says that if the latency func- agenti andt is the vector of execution values. The
tions for each computer are linear then the allocation o job payments are handed to agents after the assigned jobs
in proportion to the processing rate of each computer gives ~ have been completed and the mechanism kngws
the minimum total latency. Using this theorem, the follow- i=1,2...,n
ing algorithm can be derived. ) o
PR algorithm: (iv) The goal of the mechanism is to select an output
_ that minimizes the total latency functiah(x, b) =
Input: Processing rates;-, -, ... - S b,
Arrival rate: R;
Output: Load allocationzy, 2, . .. ,; An agenti may report a value (bid); different from its
fori=1,...,ndo true valuet;. The true value characterizes the actual pro-
z; « R na%- _; cessing capacity of computeér In addition, ageni may
k=1 ag choose to execute the jobs allocated to it with a different

The above algorithm solves the load balancing problem processing rate given by its execution valtieX ¢;). Thus,
in the classical setting where the participants (complters an agent: may execute the assigned jobs at a slower rate
are assumed to follow the algorithm. Here we assume thatthan its true processing rate. The goal of a truthful mech-
computers are selfish agents characterized by their true valanism with verification is to give incentives to agents such
uest;, i = 1,2,...,n. The true value; corresponds to the that it is beneficial for them to report their true values and
parameter; in the latency functiori;, which is inversely ~ execute the assigned jobs using their full processing eapac
proportional to the processing rate of compuiteve need ity. Now we give a formal description of a mechanism with
to design a mechanism that obtains the optimal allocationVverification.
and forces the participants to reveal their true valyemd
follow the PR algorithm. In the next section we design such Definition 3.2 (Mechanism with verification) A mecha-
a mechanism. nism with verifications a pair of functions:

3. The load balancing mechanism with verifi. () The allocation functionx(b) = (x1(b), z2(b), ...,
' . zn(b)). This function has as input the vector of
cation agents’ bids = (b1, b, ...,b,) and returns an out-

putx € X. ‘
In this section we formally describe the load balancing
mechanism design problem considering our distributed sys- (i) The payment functio(b,t) = (P, (b, t), P»(b, t),

tem model. Then we present the design of our load balanc- ..., Py(b,t)), whereP;(b, t) is the payment handed
ing mechanism with verification and study its properties. by the mechanism to ageit

Definition 3.1 (Mechanism design problem)The prob-
lem of designing a load balancing mechanism with verifi-
cation is characterized by:

According to this definition, to obtain a load balanc-
ing mechanism with verification we must find an allocation
functionX (b) and a payment functioR (b, t). The alloca-

(i) A finite set X of allowed outputs. The output is a tion function must minimizel.(x). The payment function
vectorx(b) = (z1(b),z2(b),...,z,(b)), x(b) € must be designed such that the mechanism is truthful.

X, computed according to the agents’ bids, = Here we consider a compensation and bonus type mech-

(b1,ba,...,b,). Here,b; is the value (bid) reported anism [16] to solve the load balancing problem. The opti-

by agent to the mechanism. mal allocation function for this mechanism is given by the



PR algorithm. The payment function for this type of mech- Theorem 3.2 (Voluntary participation) The load balanc-
anism is the sum of two functions: a compensation function ing mechanism with verification satisfies the voluntary par-
and a bonus function. ticipation condition.

Notation: In the rest of the paper we denote by ; the

vector of bids not including the bid of agentThe vectoib Proof: In Appendix.

is represented gb_;, b;). We obtained a truthful load balancing mechanism with
In the following we define our load balancing mecha- verification that satisfies the voluntary participation don
nism with verification. tion. Based on this mechanism a load balancing protocol

can be derived. An informal description of this centralized
Definition 3.3 (The load balancing mechanism with ver-  protocol is as follows. The mechanism collects the bids
ification) The mechanism with verification that solves the from each computer, computes the allocation using PR al-
load balancing problem is defined by the following two gorithm and allocates the jobs. Then it waits for the allo-
functions: cated jobs to be executed. In this waiting period the mech-
anism estimates the actual job processing rate at each com-
puter and use it to determine the execution valueAf-
ter the allocated jobs are completed the mechanism com-
putes the payments and sends them to the computers. After
Pi(b,t) = C;(b,t) + B;(b, t) (5) receiving the payment each computer evaluates its utility.
The total number of messages sent by the above protocol is
where the functiorC;(b,t) = #;22(b) is called the  O(n).
compensatioriunction for agenti; and the function
Bi(b,t) = L_i(x(b_;,b_;)) — L(x(b), (b_;,1)) i
is called thebonus for agenti. The function 4. Experimental results

L_;(x(b_;,b_;)) is the optimal latency when agent _ _ _
i is not used in the allocation. Thus, the bonus for an N this section we study the effectiveness of the proposed

agent is equal to its contribution in reducing the total Mechanism by simulation. The simulated distributed sys-
latency. tem consists of 16 heterogeneous computers. The latency
function of each computer is given by the parametet ¢;
We are interested in obtaining a truthful load balancing presented in Table 1. This parameter is inversely propor-
mechanism. A truthful mechanism can be defined as fol- tional to the computer’s processing rate.
lows.

(i) The allocation function given by the PR algorithm.

(i) The payment function is given by:

Computers Cl1-C2| C3-C5| C6-C10| C11-C16
Definition 3.4 (Truthful mechanism) A mechanism is True value £) 1 2 5 10
calledtruthful if for every agent of typet; and for every
bidsb_; of the other agents, the agent’s utility is maximized
when it declares its real valug (i.e. truth-telling is a dom-
inant strategy).

Table 1. System configuration.

We consider eight types of experiments depending on the

For our load balancing mechanism we can state the fol- bid and on the execution value of computer C1. In all the
lowing theorem. experiments we assume that all the computers except C1
bid their true values and that their execution values are the
Theorem 3.1 (Truthfulness) The load balancing mecha- same as their true values. We classify these experiments in

nism with verification is truthful. three main classes according to the bids of computer C1 as
follows: True, whenb; = t;; High, whenb; > t¢;; and
Proof: In Appendix. Low, whenb; < t;. We further divide these main classes

A desirable property of a mechanism is that the profit considering the execution value of C1. We have two sets
of a truthful agent is always non-negative. This means the of experiments for th&rue class, four for theHigh class
agents hope for a profit by participating in the mechanism. and two for theLow class. The parameters used in these

experiments are presented in Table 2.
Definition 3.5 (Voluntary participation mechanism) We First, we consider the influence of false bids ¢ t,)
say that a mechanism satisfies th@untary participation  on the total latency. We assume that the job rat& is-
conditionif U;((b-;,;),%;) > 0 for every agent, true 99 jobs/sec. In Figure 1 we present the total latency for

valuest;, execution value$; = t;, and other agents’ bids  the eight experiments. We now discuss the results of each
b_; (i.e. truthful agents never incur a loss). experiment.



Experiment| Characterization ¢1 | b1 | 1
Truel h=ti=b | 1] 1|1 140 —
True2 t1 >t =b 1 1|3 120 —
Highl tir=b1 >t 1 3 3 100 N
ngh2 by >t =1t 1 3 1 Y
High3 >t >t | 1] 3 |2 2 80 —
High4 t1>b1 >t 1 3 4 E" B0 - —
Lowl th=ti>h [1]05]1 = ol |
Low2 t1 >t > b 1]05]| 2
20 1 —
Table 2. Types of experiments. Truel  True2  Highl High2 Highd Highd  Low!  Low?2
Truel: All the computers report their true values. The ex- Figure 1. Performance degradation.
ecution value is equal to the true value for each com-
puter. As expected (from the theory) we obtain the
minimum value for the total latency (= 78.43). a0
True2: The parameters are as Tmuelexcept that C1 has 20 1
a higher execution valug > t;. This means C1 exe- 104
cution is slower increasing the total latency by 17%. Low2
D 4
Highl: In this case C1 bids three times higher than its true 0 Tuel  True2  Hight  High2 High3 Highd  Low!
value and the execution value is equal to the bid. Be:
cause C1 bids higher the other computers are ovel -20
loaded thus increasing the total latency. C1 gets fewe an | [T Payment
jobs and executes them with a slower execution rate. m Utility

-40
High2: In this case C1 gets fewer jobs and the other com
puters are overloaded. Here the increase is not as big
as inHighl because C1 executes the jobs atits full ca- ~ Figure 2. Payment and utility for computer C1.
pacity.

High3: This case is similar téligh1 except that the execu-
tion on C1 is faster. It can be seen that the total latency  In Figure 2 we present the payment and utility of com-
is less than in the cad¢igh. puter C1 for each set of experiments. As expected, C1 ob-
tains the highest utility in the experimemtuel, when it
High4: Similar toHighl, except that C1 executes the jobs hijds its real value and uses its full processing capacity. In
slower, increasing the total latency. the other experiments C1 is penalized for lying and the pay-
ment that it receives is lower than in the cas@fel The
utility is also lower in these experiments. An interestiitg s
uation occurs in the experimehbw?2 where the payment
and utility of C1 are negative. This can be explained as fol-
Low2: In this case C1 gets more jobs and executes themlows. Computer C1 bids two times less than its true value
two times slower. This overloading of C1 leads to a and the P_R algorizhm aIIoc_ates more jobs to it. In addition,
significant increase in the total latency (about 66%). IS €xecution valug, is two times higher than , that means
the allocated jobs are executed two times slower than in the
From the results of these experiments, it can be observedexperimentTruel(whent, = t;). More allocated jobs to
that small deviations from the true value and from the ex- C1 combined with a slow execution increases the total la-
ecution value of only one computer may lead to large val- tencyL. The total latency becomes greater than the latency
ues of the total latency. We expect even larger increase if L_; obtained when computer C1 is not used in the alloca-
more than one computer does not report its true value andtion (i.e. L > L_;) and thus the bonus is negative. The
does not use its full processing capacity. The necessity ofabsolute value of the bonus is greater than the compensa-
a mechanism that forces the participants to be truthful be-tion and from the definition of the payment it can be seen
comes vital in such situations. that the payment given to C1 is negative.

Lowl: C1 bids 2 times less than its true value, getting more
jobs and executing them at its full capacity. The in-
crease in total latency is not big, about 11%.
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Figure 3. Payment and utility for each com- Figure 5. Payment and utility for each com-
puter ( Truel). puter ( Lowl).
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Figure 4. Payment and utility for each com- Figure 6. Payment structure.
puter ( Highl).

the total payment given by a mechanism characterizes its
frugality. A mechanism that gives small payments by some
measure it is called frugal. Based on the experimental re-
sults presented here the payments are at most 2.5 times the

. . total valuation, thus our mechanism can be considered fru-
lower than in the experimeriruel The other computers

i e o I
(C2 - C16) obtain lower utilities. This is because all the ga
computers except C1 receive fewer jobs and their payments

In Figures 3-5 we present the payment structure for each
computer in three of the experiments. In the experiment
Low1 (Figure 5) computer C1 obtains a utility which is 45%

are smaller than in the experiméfruel 5. Conclusion
In the experimenitlighl (Figure 4) computer C1 obtains
a utility which is 62% lower than in the experimemuel We designed a truthful mechanism with verification that

The other computers (C2 - C16) obtain higher utilities. The solves the load balancing problem in a distributed sys-
mechanism pays them more because they receive more jobgem in which computers are characterized by linear load-
In Figure 6 we present the payment structure of our dependent latency functions. We proved that this mech-
mechanism. It can be observed that the total payment giveranism satisfies the voluntary participation condition. We
by our mechanism to the computers is at most 2.5 times thestudied the performance of this mechanism in terms of its
total valuation. The lower bound on the total payment is the payment structure.
total valuation. This is because our mechanism must pre- Future work will address the problem of distributed han-
serve the voluntary participation property. The amount of dling of payments and the agents’ privacy.



= ) — t;z3 (b)

2

) (16)

A. Appendix L_i(x(b—;)) = L(x(b), (b_;,1;)) +1

i (b
: : = L_i(x(b_;)) — L(x(b), ( irti
In this section we present the proofs of the results used
in the paper. We consider two possible situations:

Proof of Theorem 2.1 i) t; = t; i.e. agent executes its assigned jobs using its full

The total latency function is a convex function and the op- Processing capability. .
timal allocation can be obtained by using the Kuhn-Tucker  If agenti bids its true value; then its utility U} is:
conditions [12]. Letoe > 0,7, > 0,7 = 1,...,n denote -

t_ 1 . A -y .y
the Lagrange multipliers [12]. We consider the Lagrangian Ui = L-i(x(b-i)) — L(x(b_i, t:), (b_i, £:))
function: = L_i(x(b_;)) - L} (17)
" . " - i bi l , i ilityU! is:
L0, ) = Z asz? _O‘(Z 2 —R)— mei If agenti bids lower b; < t;) then its utilityU; is:
= = = ©6) Uf = Loi(x(b ) = L(x(b_i,b}), (b_;, £))
The Kuhn-Tucker conditions imply that;, i = 1,...,n — L_i(x(b_;)) - Lt (18)

is the optimal solution to our problem if and only if there
existsa > 0,n; > 0,7 =1,...,n such that:

ggfi:o, i=1,....n @)
oL
= = 8
5 (8)

We consider:; > 0 and this implies that the last condition
is satisfied only if; = 0. The conditions become:

20,2 —a =0 i=1,...,n (10)
» @i~ R=0 (11)

i=1

Solving these equations we get:

gi=— i=1,...,n (12)

2!17;

2R
== (13)
k=1 ar

From these, we obtain the optimal allocation

1

; 1
ZZ:] ar
Using this allocation we compute the minimum value for
the latency function as follows:

> st = 3 a1 = ool

= a;r; a; R = ——

= K Zk o)’ Ykt ar
(15)

R i=1,....n (14)

O
Proof of Theorem 3.1
Assuming a vector of bidb, the utility of agent is:

Uz(b E) = Pz(bvf) + Vz(x(b) t)

We want to show that’} > U/, that reduces to show that
Lt > L. Becausd.! is the minimum possible value for the
latency (from the optimality of PR algorithm), by bidding a
lower value, agent gets more jobs and the total latency is
increased, thug! > L.

If agenti bids higher ¢ > t;) then its utility U is

001, (b_i. &)

_Lzh

Ulr=1_i(x(b_;)) — L(x(b_

i(x(b_4)) (19)

By bidding a higher value agerntgets fewer jobs and
so more jobs will be assigned to the other agents. Due to
the optimality of allocation the total latency increases i.
L > Lt and thus we hav&’! > U!.

i) £; > t; i.e. agent executes its assigned jobs at a slower
rate thus increasing the total latency. A similar argument a
in the case i) applies.

O

Proof of Theorem 3.2

The utility of agent when it bids its true valug; is:

=L_

Ul = L_i(x(b_;)) = L(x(b_4,t;), (b4, 1)) (20)

The latencyl _; is obtained by using all the other agents
except agent. By allocating the same number of jobs, we
get a higher latency._; than in the case of using all the
agents, with agent bidding its true value (from the opti-
mality of allocation). Thug/! > 0. O
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