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Abstract. Resources are taking into account when designing business processes,
but, under certain circumstances, they should be scheduled when business pro-
cesses are enacted. Nowadays, the decentralization of the activities and outsourc-
ing of certain tasks to third party companies is increasing the complexity of the re-
source allocation for business process. Moreover, some activities cannot be sched-
uled in advance, because they depend on some decision points in the business pro-
cess, forcing the allocation of resources to tasks on the go. To deal with these issues
we present a multi-attribute auction mechanism. Auctions are a market mechanism
that facilitate the resource allocation in open, distributed scenarios. The auction
model we are presenting is multi-attribute, so in addition to deal with the economic
costs of the allocations, it enables the inclusion of other attributes, such as finishing
on time or the quality of the outcomes. We have tested our proposal in a simulated
framework and the results show about the benefits of using different attributes, in
addition of providing privacy relationships among business process and resource
providers.

Keywords. Business Process Enactment, Resource Allocation, Workflow Manage-
ment Engine, Multi-Attribute Auctions

1. Introduction

The economy globalization is driving many organizations towards the definition of busi-
ness processes which activities can be performed any place in the world, increasing the
complexity of the business process management [1,2]. Regarding business process en-
actment, when resources (e.g. technicians, transports, services, etc.) should be allocated
to the activities, several options are available, as for example, by using resources internal
to an organization or by outsourcing the tasks to other third companies. The availability
of the resources in both situations is uncertain. In the former case, the status of the re-
sources is uncertain since they can have commitments with other business processes in-
stances from different departments inside the organization. On the other hand, outsourc-
ing companies can provide services to several organizations; they have their own sched-
ules with customers that need to be kept in privacy. Therefore, the optimization of the
resource allocation process need to be re-designed, taking into account the possible con-
frontation between managers, which try to obtain the lowest resource price at the higher
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Figure 1. Workflow reference model according to [7].

quality, and the internal or external resources which try to maximize their occupation and
benefits.

In addition, production methodologies such as Lean Manufacturing [3], are demand-
ing additional flexibility in the operational process. The Lean philosophy can be used
in embedding processes where the customer can personalize its order, assembling only
the required pieces and without having pre-assembled stock, saving storage space and
reducing the number of waste stocks. Resources associated to each of the activities of
the business process need to be defined at a high abstract level [4] and when the busi-
ness process is enacted, the resource specification should then be decided and allocated
accordingly.

In this new scenario, auction mechanisms, offer the possibility to the organizations
to allocate the resources in a market, competitive framework, while optimizing the out-
come from all of the participants (business process owners and resource providers, both,
either internal or external to the organization) [5]. Thus, given a business process task,
resource providers bid for it, and the winner bid is the one that best fits the required re-
source specifications. There are several auction models, most of them focus on the re-
source price as the attribute which determines the winning bid. However, other resource
attributes should be considered too. For example, in our previous work [6], we analyze
the consequences of selecting one attribute or another, and we highlighted the necessity
of defining new mechanisms to deal with several resource attributes at a time. For doing
so, the auction model becomes more complex to guarantee that no cheater bidder can
cause undesired outcomes.

The contribution of this paper is the definition of a multi-attribute auction mecha-
nism for resource allocation to business process tasks which allows to combine several
attributes (as the starting time, price, quality), while incentivize the bidders to bid truth-
fully. The mechanism is designed as a functionality of a workflow management system
that supports business process enactment (see Figure 1). We test our allocation mecha-
nism in a simulated framework showing the advantages and limitations of our proposal.

This paper is structured as follows. First, we comment some previous work related
to our research in Section 2. Afterwards, in Section 3 we present our multi-attribute
mechanism for business process resource allocation. In Section 5 we describe the exper-
iments performed and discuss the results obtained. We end the paper in Section 5 with
our conclusions and the future lines of research.
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2. Related Work

The use of auctions for resource allocation in business process enactment is a complex
problem due to the particularity that they contain decision points. For handling such un-
certainty, there are two main approaches: interleaving resource scheduling with task exe-
cution [8], or scheduling tasks in advance as in [9] while allowing resource overlapping.
We are in line with the former approach, but using other attributes in addition to resource
price, so our problem is much more complex. Other auction approaches as [10], and spe-
cially from the grid computing domain [11], also only consider prices, instead of other
attributes as time or quality.

On the scheduling community, the problem of considering multiple attributes for
resource allocation is known as the multi-mode resource-constrained project scheduling
problem and, when the resource is a person that masters one or several skills, as the
multi-skill project scheduling problem [12]. The problem is known to be quite complex,
and the available methods provide solutions for a relative low number of tasks (30) in a
considerable amount of time (10 minutes) [12]. We are trying to leverage the complex-
ity on the problem by interleaving scheduling with task execution, so the resources are
allocated on demand.

Regarding multi-attribute auctions, a key work is [13], where the author describe
different scenarios regarding the payment rule and demonstrate that the attributes should
match the second best bid, but not exactly, to be incentive compatible. In business pro-
cess, quality issues are defined as non-functional requirements, that can be measured
when a task is finished. Thus, we differ from this previous work in which we are requir-
ing at least the quality bid, while the price to be paid to the resources is the second best
one. [14] follows also [13], using a first-price, sealed bid auction. Conversely to ours, we
follow a second-price auction so as our model is incentive compatible.

In a posterior work, [15] proposes an adaptation of the Vickrey-Clarke-Groves [16]
(VCG) for multi-attribute auctions under an iterative schema. That means that bidders are
allowed to modify their bids in response to the bids from other agents. In our approach,
we do not allow iteration due to the dynamics of our problem: allocation of resources to
tasks are performed in a continuous basis. We think that this kind of approaches are more
suitable for long-term contracts with companies, but not at the operational level as we
do. On the other hand, every time a business process is enacted, the resource allocation
problem starts, so agents have the possibility to learn from one allocation to the next one
and modify their bids accordingly.

[17] presents a multi-attribute auctioning mechanism where agents use preference
orders to express their bids instead of globally comparable function values. In a posterior
work [18] generalize the approach on what is known Qualitative Vickrey auctions. How-
ever, the authors focus on defining a mechanism so that bidders can express qualitative
preferences. We are interested in having a set of different attributes per bid. Thus, han-
dling different attributes increases the number of combinations to manage in a preference
order solution. Numeric values are also more suitable when discussing with managers
about resources in a business process than relative orders. Finally, [19] proposes a multi-
attribute mechanism where the attributes vary depending on the resource bundle assigned
to tasks instead of the resource by itself. This is a complementary approach towards we
need to extend our work in a future research.

[20] presents an mechanism for auctions with temporal constraints based on VCG
with a new payment method. Time constraints are used to filter the participating bids, but
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time is not considered when evaluating the bids, leaving aside whether time improves a
bid or not. With our method, we take into account all of the attributes (thus also time) to
optimize the allocation.

Multi-attribute auctions have been also used in the electronic advertisement mar-
kets [21], e.g. [22] proposes the adaptation of the GSP auctions in order to include an ex-
tra quality attribute, however this attribute is provided by the auctioneer itself, not by the
bidder. This approach could be similar to trust-based approaches as [23]. In out approach,
attributes, including quality, come from the bidder. Both mechanism are complementary.

3. Resource allocation method with multi-attribute auctions

Our proposal involves the use of an auction mechanism for deciding which resources to
allocate to the tasks of an enacted business process. Due to the uncertainty involved in
business process (decision points), the tasks that should be executed are known when they
are about to start. For that reason, we interleave resource allocation with tasks execution.
Other approaches are possible, as commented in Section 2, but we prefer this one because
it does not cause overlapping and pre-booking situations in resources that could result in
failures at run time.

The auction mechanism is embedded in a workflow management system that takes
care of the operational issues of the business process (see Figure 1). The workflow man-
agement system follows a multi-agent architecture, as explained in [24] (see Figure 2).
The auction mechanism explained in this paper provides resource allocation functionali-
ties to the workflow management system.

Several business process can be enacted at a time. We assume that each business
process is being handled by the same auctioneer or BP agent. Thus in a given moment, a
BP agent can be in charge of one or more business process instances. On the other hand,
resources providers are represented as agents (RP) in our architecture too. Thus, agents
allow us to encapsulate whenever they belong to third companies or not [25].

When a business process is enacted, the corresponding BP agent auctions the first
tasks. Once it is completed, next task. So our auction mechanism is sequential, since the
decision of submitting a bid to an auction or not will condition the next auctions of the
resource agents [26]. For example, an agent participating in an auction, and compromis-
ing its occupancy during the next 3 hours prevents it to participate in the next auction
that could be more profitable for him (it has already commit its occupancy). Dealing with
strategically issues regarding sequential auctions is out of the scope of the paper, and
we assume that resource agents will not take care of tasks dependencies when bidding.
However agents learn from an auction to the next one to improve their bids and profit.

We are interested in quality attributes of resources in addition to price, as position
auctions. Despite position auctions are a good starting point for our purpose, Google is
dealing with attributes provided by the auctioneer, not by the bidder. In consequence, it is
assumed that the attribute values are always reliable. In our problem, when attributes are
provided by resources, this assumption cannot be done. Bidders could lie when providing
the attribute values in order to increase their utility. Thus, we need to follow other multi-
attribute approaches as [13] or [14], while assuring truthful telling.

Moreover, in our approach, the auctioneer wishes to acquire resources from bidders
for deploying a business process. So we follow a multi-attribute reverse sealed bid auc-
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Figure 2. Schema of the multi-agent system: each business process is monitored by a BP agent while each
resource is represented by a resource agent.

tion, meaning the following. First, in multi-attribute auctions a bid B = (b, at) is eval-
uated according to its price b and a bundle of attributes at that characterize the good.
Second, in a reverse auction the role between the auctioneers and the bidders is reversed
as the auctioneer is the one who wants to buy a good, not to sell it. While ordinary auc-
tions provide suppliers a chance to find the best buyers, reverse auctions give buyers the
opportunity to find the lowest-price supplier. Finally, sealed bid means that the bidders
do not know the other bids.

The steps followed in our auction mechanism are the following:

1. Request for proposals. The business process agent BP needs a resource to de-
ploy a tasks. The resource and tasks requirements are characterized by a set of
numerical attributes at (e.g. earliest starting time t, quality q, etc.). TheBP agent
summons an auction to demand the resource, defining the desired set of attributes
AR.

2. Bidding. Resource agents RPj satisfying the requirements can participate in the
auction offering a bid Bj = (bj , at

j) where bj is the price and atj the attribute
qualification.

3. Winner determination. The auctioneer (BP ) evaluates the bids using an evalu-
ation function V (Bj) where V (Bj) is a monotonic continuous function. As we
are dealing with a reverse auction, the lower values represents higher satisfaction.
BP cleans the market by ranking the bids from the lowest to the highest value.
The bid with the lowest value is the winner of the auction.

4. Payment. When the winning agent RP completes the task, it receives a payment
p. The payment would depend on whenever the task has been delivered according
to the attributes bid or not.

3.1. Request for proposal

As explained above, we interleave resource scheduling and task execution. Thus, when
a task is finished, the BP agent is able to define the requirements for the next task. For
example, when there is a decision point (or condition), the BP can check it, and then
proceed with the appropriate business process path accordingly.

Once the task to be performed is known, there is also known the earliest starting time
and latest ending time; for defining them the BP has an estimation of the task duration to
which it adds some slack time for flexibility purposes. Other task attributes are specified
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in the business process, as quality of the outcome, minimum skills (in case of persons),
etc. Thus, the request for proposal consists of all of the attributes AR.

3.2. Bidding

Resource agents can receive more than one request for proposal at a time,AR1, . . . , ARm,
due to the fact that there are several auctioneers (BP) trying to allocate resources. We as-
sume that RP agents treats them one after the other, otherwise we need to consider more
complex auction models (combinatorial auctions [27]), in which the resource needs to
deal with bundles of tasks. We will analyze combinatorial auctions in a future work.

RP have a truthful value for the requested attributes, atvj , and price bvj . In an incen-
tive compatible mechanism, agents provide the true valuation in bids: Bi = (atvj , b

v
j ).

Cheating agents provide bids with different values than the true valuations. For example,
with a bid Bi = (atj , bj) with atj > atvj and bj < bvj , the cheating agent is offer-
ing higher attributes than its skills and at a lower price, with the aim of getting the task
assigned.

If an agent does not win in an auction process, it changes their offer, by decreasing
the price in the next auction with similar specifications, with the aim of getting the task
assigned. We do not assume that the other attributes can be changed. Otherwise (the
agent wins), it increases the price with the chance of increasing its profit.

3.3. Winner determination

To evaluate the score of a bid we propose to use a function that combines the bid price
b with the bundle of the normalized attributes at. If at contains more than one attribute,
those can be merged using an aggregation function f(at) [28]. Thus, the winner deter-
mination problem consists on selecting the bid with the maximum value, as follows:

argmaxi(V (f(ati), bi)) (1)

with f(ati) ∈ �. Observe that any of the bids is a feasible allocations, since RP bid
feasible (they provide bids inside the required time intervals for deploying the task).

Due to the characteristics of the problem we are dealing with, reverse auctions, the
auction winner will be the bid with a lowest value; thus the evaluation function value
must decrease when the bid quality increase. Below we list some possible evaluation
functions: sum (Equation 2.1), product (Equation 2.2) and weighted sum (Equation 2.3).

V (f(ati), bi) = bi ∗ f(ati)
V (f(ati), bi) = bi + f(ati)

V (f(ati), bi) = μ1bi + μ2f(ati)

(2)

where μi ∈ [0, 1] is the weight of each summation term, with
∑

i μi = 1.
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3.4. Payment

The payment method is inspired in position auctions but taking into account the pecu-
liarities of the reverse auctions. This means that the winner bid receives just the neces-
sary amount to beat the second highest bid (Equation 3), in other words, the payment the
winner receives is the price it should have bid to obtain the same evaluation as the second
higheest bid.

V (p, f(at1)) = V (b2, f(at2)) (3)

Where p is the payment of the single winner in our mechanism, at1 the attributes of the
winner bid, and b2, at2 the components of the second best bid.

However, this strategy does not prevent the bidders to lie regarding their attributes
since including a false attribute could increase the chances to win the auction while not
being penalized in the payment. For example, a bidder could submit a bid saying that it
will finish its task in 10 minutes when actually it will finish the task in 15 minutes. This
lie would have increased the chances of the bidder to win the auction.

Thus we adapt the payment mechanism in order to penalize dishonest bidders: when
bidders intentionally lie to win the auction, payment is obtained by equating the initial
bid evaluation (with the false value of the attribute) to the assessment of real goods (with
the true value of the attribute).That is, since the payment is performed after a task has
been completed, the BP can measure the quality of the results and realize that instead of
achieving ati, it got atvi . When that situation occurs, the payment mechanism is based
on making the valuation of the obtained qualities same as the bid ones.

V (p, f(atv1)) = V (b1, f(at1)) (4)

Where b1 is the price offered by the winner bid, atv1 the attributes got by the auctioneer
after ending the task (and that we match as the true attributes of the bidder), and p, at1
same as above.

Summing up, our payment proposal is a two case method:

• Truthful bidding (TB): when the attributes obtained by the auctioneer are at least
the same as the ones offered by the winner bidder.

• Untruthful bidding (UB): when the attributes obtained by the auctioneer are lower
than the ones provided in the winner bid.

In this way, the bidder is encouraged to bid truthfully. When he delivers its product
or service, if the bidder provides its service or good as it was indicated in the bid, he will
receive the economical amount that he was expecting or even more (the exact value to
beat the following highest bid), increasing its utility. However, if the bidder lies and de-
livers it’s product in worst conditions than the ones agreed it will not receive the payment
he expected, reducing its utility. The prove that the mechanism is truthful telling can be
found in [29].

The payment mechanism is conditioned by the evaluation function used to clear the
market. Table shows the payment functions p derived from the evaluation functions
proposed in Equations 2.

1
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Product Sum Weighted Sum

V (b, f(at)) b ∗ f(at) b+ f(at) μ1b+ μ2f(at)

TB payment b2∗f(at2)
f(at1)

b2 + f(at2)− f(at1)
μ1b1+μ2t2−μ2f(at1)

μ1

UB payment b1∗f(at1)
f(atv1 )

b1 + f(at1)− f(atv1)
μ1b1+μ2f(at1)−μ2f(at

v
1 )

μ1

Table 1. Payment functions (p) in the different cases (TB: truthful bidding; UB: untruthful bidding) when
using the product, the sum and the weighted sum as evaluation functions V (b, f(at)).

Figure 3. Mean Budged of the agents in Scenario1 (BP: Business process agents, RP: Resource agents).

4. Experimentation

In this section the previously presented methodology is tested using the workflow simula-
tion engine presented in [24] a workflow environment with common resources have been
simulated. In the simulator, business process types and instances are handled by business
process agents (BP) while the resources are handled by resource provider agents (RP).
The experiments are evaluated in terms of economic utility (agent benefits and costs) and
delays in the process execution.

4.1. Experimental Set Up

To test the performance of our auction mechanism we modeled and simulated a set of
three synthetic workflows. Each of these workflows is composed by four different tasks
which have a duration compressed between 10 an 15 time units and needs a resource of
a randomly assigned category (between A and F). In consequence, each workflow has a
duration between 40 and 60 time units and requires between 1 and 4 different resources.
In the simulation, the number of tasks that will be executed is unknown as it simulates
and organization where workflows are not scheduled, they arrive under demand.

To study the behavior of the method presented in Section 3 (henceforth referred
as SPMA2, second price multi-attribute auctions) against cheating agents we used two
different kinds of agents: ones which try to maximize their utility adapting their bids [30]
and ones which cheat and try to win the maximum number of auctions. In the experiments
we compare the benefits that the cheating agents obtain with the ones the would have
obtained if they had bid truthfully, moreover, we compare the results obtained by our
auctioning mechanismwith the ones presented by [15] and how the cheating agents affect
the efficiency of the production process. Each experiment has been repeated 100 times
and has simulated the behavior of 3 workflow agents during 200 time units, while the
number of resource agents and their strategies has been modified according to the goal
of the scenario.

The experiments have been done using 3 scenarios:
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Figure 4. Comparison between the mean budget of the agents in scenario 2 when using our proposal and the
Parkes mechanism. Left: using sum as evaluation function. Right: using product as evaluation function.

• Scenario1: This scenario has different BP executing processes and creating auc-
tions while 9 RP are bidding. In this experiment product is used as evaluation
function. The main goal of this scenario is to evaluate if for a resource agent is
better to lie or to bid truthfully, in order to do so, the experiment is first realized
with 2 cheating agents (RP1 and RP2) and 7 adaptative agents; then the experi-
ment is repeated but changing the bidding strategy of RP1 and RP2 from cheating
to truthful bidding.

• Scenario2: The aim of this scenario is to compare the behavior of the SPMA2

with the Parkes’ Vickrey multi-attribute auction mechanism [15]. To achieve this
goal 6 resource agents have been used: 2 cheaters (RP1 and RP4) and 4 adaptative
agents. The experiment have been repeated using the product and the sum as
evaluation functions for both auctioning mechanisms.

• Scenario3: The goal of this experiment is to study how the presence of cheating
agents affects the efficiency of a production process. To analyze the number of
delays produced in the simulation, we use 10 resource agents which, initially, use
truthful bidding as strategy. The experiment is repeated 11 times, changing one
agent strategy from truthful bidding to cheating at each repetition. Thereby, at the
first run of the experiment there are no cheating agent, at the second there is one
cheating agent and so on until all the agents use cheating as strategy.

The results of the experiments are shown in figures 3 and 4.
Figure 3 presents the results of the first scenario, it shows the mean incomes of each

agent after the simulation. The black bars represent the incomes of the agents when RP1
and RP2 are bidding using a cheating strategy while the gray bars illustrates the incomes
of the agents when using a truthful bidding strategy. It can be clearly seen how RP1 and
RP2 earn more money when they are bidding according to their true values. The fact
that RP1 and RP2 does not significantly affect the budgets of WF1, WF2 and WF3 as
they spend a similar amount of money, however we can see how the rest of the agents
earn more money when RP1 and RP2 do not follow the truthful bidding strategy. It is
important to remember that not all the resource providers have the same category, thus
their incomes are conditioned by the type of resources which the workflows require.
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Figure 5. Left: Relation between the percentage of delays produced in the system and the number of cheating
bidders (Scenario 3). Right: Relation between the mean utility of the agents and the number of cheating bidders
(Scenario 3)

Figure 4 show the results of the second experiment. The left chart compares the
Parkes mechanism with the SPMA2 when using a product as evaluation function while
the right one realizes the same comparison but using the sum as evaluation function. In
both figures black lines correspond to the Parkes’ Vickrey mechanism while the gray
ones correspond to the SPMA2. In Figure 4 left we can see how the income budget for
the cheating agents (RP1 and RP4) is higher using the Parkes mechanism while the bid-
ders following a truthful biding strategy have higher incomes when the SPMA2 mech-
anism is applied. Another remarkable fact is that the expenditure incurred by workflow
agents is higher when the SPMA2 mechanism have been used. In Figure 4 right the facts
listed above are repeated. Thus, on the one hand we can see how the SPMA2 mechanism
penalizes cheating agents but, on the other hand, it increases the price for the auction-
eers. Besides, it is important to notice that, independently to the auction mechanism, the
investment realized by the workflow agents is higher when the sum is used as evaluation
function.

The results of the third scenario are presented in Figure 5 left, it shows the relation
between the delays produced in the system and the number of cheating agents which are
bidding. We can see how the increase of bidders using cheating as bidding strategy in-
creases the number of delays produced in the system. We can see how the number of de-
lays is low (under the 10%) while there are 4 or less agents cheating (40% of the agents),
when the fifth cheating agent apperas the number of delays raises drasticaly (28.53%),
while when there are 6 or more cheating agents overcomes the half of the executed work-
flows. This ilustrates than this mechanism can hold a limited number of cheating agents
(40%) before the reliability of the workflows fall off. However, as Figure 5 right shows,
the utility for the participants of the auction is higher when there are no cheating agents.
This ilustrates how the SPMA2 mechanism prevents bidders to cheat as they obtain the
highest utility when bidding truthfully. Thus, if bidding agents act rationally, the system
should not collapse.

5. Conclusions and future work

This paper concerns the problem of resource allocation (technicians, transports, services,
etc.) in a decentralized environment where multiple business process instances are taking
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place concurrently while maintaining resources providers schedules in privacy. Our work
is specially indicated for those domains where the resource demand is unknown and it
cannot be planned in advance, and the availability of resources is uncertain (either in-
ternal resources of an organization or third company providers). As a solution approach,
we propose a reverse multi-attribute auction, so when a business process is enacted, an
agent deals with the scheduling of the resource required by following an auction mech-
anism. Resources with the best combination of price and attributes are allocated to the
tasks. Our mechanism incorporates a payment mechanism which penalizes the bidders
which do not meet the conditions agreed, making truthful bidding the dominant strategy
for bidders. To evaluate the performance of our mechanism, we have simulated differ-
ent resource auctions using cheating and adaptive resource providers. Results show that
agents obtain higher incomes when they bid truthfully than when they do not.

As future work we plan to extend the auction mechanism with new evaluation func-
tions. Particularly, we are interested on using multi-objective functions instead of aggre-
gation functions to combine different attributes. We also pretend to adapt our mechanism
to deal with sequential auctions and to add some fairness mechanisms in order to balance
resource usage.
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