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Crowdsourcing under Time-Constraints

• Text Shortening (e.g., Bernstein et al. 2010)

• Real-Time On-line Services (e.g., Bigham et 
al. 2010)

• Text Translation (e.g., Minder & Bernstein 2012)

• Fraud-Detection

Applications



Crowdsourcing under Time-Constraints
Challenges
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Crowd Latency vs. Time-Constraints

Quality Management

Dynamic Pricing



Related Work
• Retainer Model [Bernstein et al. 2011]

• On-line Pricing Mechanism [Singer  2011]

- Pre-recruit workers
- Price per task is fixed ex-ante

- Maximize number of solved tasks under budget

- Mechanism-design inspired approach

- No other constraints considered
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Contributions
• CrowdManager’s framework architecture 

• A mechanism for the combinatorial allocation 
and pricing of crowdsourcing tasks under 
budget, completion time, an quality constraints

• Initial evaluation incorporating a simulation

6



Ou
tlin

e 1
2
3
4
5

Formal Model
Platform
Mechanism
Evaluation
Discussion

7



• Single requestor with work package W 
containing a set of m similar tasks

• Requestor has a budget (B), completion time (T), 
and quality (Q) constraints

• Requestor has a quasi-linear utility U = B - C if all 
m task get solved within T and under Q, and U = 
-C otherwise 

Formal Model - Requestor
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• Each worker has private costs c > 0 for solving a 
task

• A worker wants to solve at most j  > 0 tasks

• We rate a worker’s qualification level q    [0,1] 

• A estimate a workers completion time t > 0 for 
solving a task

Formal Model - Worker
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Retainer (Fig.1 (6)). Given the test results and bids from the remaining crowd workers,
the Kernel finds the best allocation of tasks to crowd workers. This entails deciding
how many tasks to allocate to each of them and how much to pay each worker per
task, with the goal to maximize social welfare under the completion time and qual-
ity constraints (see Section 4 for the details). Then, the Kernel allocates the tasks to
the crowd workers, waits for the execution, collects their computed results (Fig.1 (7)),
and returns the final result back to the Application Interface that returns it to the Re-
questor’s Application (Fig.1 (8)). Finally, each worker gets paid according to the prices
determined by the Kernel’s pricing mechanism (Fig.1 (9)).

4. THE ALLOCATION AND PRICING MECHANISM
4.1. Formal Model and Assumptions
We now describe the formal model we use for the design of our allocation and pricing
mechanisms. Note that we will make a number of simplifying assumptions to keep
the model and the corresponding mechanisms as simple as possible. In Section 6, we
discuss multiple ways to extend the formal model and our mechanisms to more com-
plicated settings.

Requestor: We consider a single requestor who submits a work package W contain-
ing a set of m tasks to the CrowdManager, i.e., W =(w1, ..., wm

). The requestor has a
completion time constraint T > 0, denoting the maximum amount of time he is will-
ing to wait until all m tasks in W are solved. Tasks can be solved at various quality
levels q 2 [0, 1]. The requestor has a quality constraint Q 2 [0, 1], that specifies the
minimum quality level at which each task must be solved. If all m tasks are solved
within the time constraint T and under the quality constraint Q, then the requester
has positive value B > 0 (measured in dollars) for this, and value 0 otherwise. Let C

denote the total cost the requester has to pay for getting all m tasks solved. We assume
the requestor has quasi-linear utility U = B � C if all tasks get solved, and U = �C

otherwise. Thus, the requestor is willing to spend at most B, and wants to minimize
the cost for getting all m tasks solved. Naturally, B will denote the requestor’s budget
for the request. Taken together, a request is defined as R = (W, B, T, Q).

In the text translation example, the work package W consisted of m paragraphs of
German text that needed to be translated into English, within time constraint T = 10
minutes, at a high quality (e.g., Q = 0.9), and given a maximum budget of B = $20.

Crowd Workers: We have a set of n crowd workers I =(i1, ..., in) that are in the
retainer. For now, we assume that workers do not leave the retainer unless they fail
the qualification test or they have completed all tasks that have been allocated to them.
Each crowd worker has a private cost c

i

> 0 for solving any task w 2 W , and wants to
solve at most j

i

� 1 tasks.1 We rate a worker’s qualification level q
i

2 [0, 1] based on a
qualification test.2 Furthermore, we estimate the time a worker needs to solve a task
based on his performance in the qualification test; we denote this completion time as
t

i

(> 0). Of course, in practice workers may slow down over time, or perform at lower
quality levels compared to their qualification test (moral hazard problem). However, we
do not address these complications in this paper, but plan to address them in future
work. For now, we make the simplifying assumption that a worker who gets assigned a

1In some domains, it may be more natural to report an opportunity cost per time period (e.g., $2 per hour).
Fortunately, our mechanism can easily be adapted to such a setting without affecting the results.
2This quality assessment may be done 1) algorithmically, or 2) using other crowdworkers. Both approaches
are difficult to implement, and only possible for certain types of tasks which obviously constrains our ap-
proach. However, this problem is beyond the scope of this paper but will be addressed in future work.
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• Assumptions:
    - Workers can’t fake completion time and quality  
    - No worker leaves the Retainer 

• Beyond the scope of this paper
    - Recruitment process
    - Moral hazard
    - Evaluation of quality

Limitations
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Time-Constrained Text Translation
• Translate 10 pages from German to English

• Within the next 20 minutes

• In good quality

• As cheap as possible, but for at most 10$

12
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6 P Minder et al.

Let’s assume that, to realize this task, we have at our disposal an algorithm incor-
porating both machine translation software and monolingual human translators as
described by Minder and Bernstein [2012a; 2012b]. In this case, the Requestor’s Ap-
plication notifies the Application Interface about this forthcoming work package (Fig.1
(1)) and the Application Interface forwards this request to the Kernel. To prepare for
the incoming task, the Kernel instructs the Recruitment Interface to start recruiting
crowd workers for the Retainer. Then, the Recruitment Interface publishes a job offer
on several micro task markets (Fig.1 (2)). Based on prior experience (e.g., a learned
prediction employing a supervised learning mechanisms that is beyond the scope of
this paper) and constraints specified by the Requestor’s Application, the Recruitment
Interface recruits a specific number of crowd workers and transfers them into the Re-
tainer while offering them a small payment to cover their opportunity cost for staying
in the Retainer (Fig.1 (3)).

CrowdManager's Bidding Interface

We have 25 translation tasks to complete. Please solve the following sample 
task. We will use your answer to determine whether you can participate in this 
translation exercise. Afterwards, please specify how many of such translation 
tasks you would like to solve, and which minimum wage per task you would 
accept.
Example Task
Please improve the following sentence by correcting grammatical errors and 
making the sentence more comprehensible.
    
    "Wikipedia is a Founded in January 2001 free online encyclopedia 
    in many languages."

Wikipedia is a free online encyclopedia that is available in many languages and 
was founded in January 2001.

How many of those tasks do 
you want to solve? 4

What is the minimum wage 
per task you would accept?

1$

BId Leave Retainer

Answer: 

Fig. 2: A Mock-up of the CrowdManager’s Bidding Interface

After “arriving” in the Retainer, the crowd workers get the instruction to wait until a
set of tasks arrives. When the Requestor’s Application submits the announced transla-
tion task via the Application Interface it gets forwarded to the Kernel (Fig.1 (4)). Now,
each worker in the Retainer has to solve an initial qualification test and must report
his opportunity cost. We can think of this “report” as a bid in a reverse (procurement)
auction. Effectively, the worker specifies the minimum amount of money for which he
would be willing to work. But, if allocated, the payment mechanism will later deter-
mine a price that is as high as the worker could have reported his costs and still been
allocated. Figure 2 presents a mock-up of how the interface may look like, to enable the
qualification test and elicit the worker’s cost. The crowd worker has to solve the qual-
ification task and declare how many tasks he wants to solve and for what minimum
price. After the crowd workers have completed the qualification task, the Kernel ana-
lyzes each crowd workers’ completion time for the qualification test and ascertains if
the quality of the test completion was sufficient. If the test result is not sufficient then
the crowd worker will not be allocated any tasks and, therefore, be evicted from the
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Algorithm
Allocation and Pricing Mechanism
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agent obtains positive utility, i.e., every agent gets paid a price per task that is at least
as high as his reported opportunity cost.

Note that using VCG, we find the cost-minimizing allocation. However, this will
not minimize the amount the requestor has to pay, because VCG prices are gener-
ally higher than the reported opportunity costs of the workers (to get truthfulness).
However, in our simulations (see Section 5) we observe that using VCG-based pricing
results in lower costs compared to a fixed-price payment rule, at almost all fixed pric-
ing levels. For a discussion of the pros and cons of using VCG instead of a requestor-
optimal mechanism (in the sense of Myerson), please see the discussion in Section 6.

4.5. Budget Constraints and Infeasibility
In the description of the allocation and pricing mechanisms, we have so far ignored
that the problem may be infeasible for the CrowdManager to solve, i.e., there may
not even be a solution. There are multiple factors that can cause infeasibility. First,
given the agents’ quality levels q

i

, there may be no agent in the retainer with q

i

> Q.
Second, given the agents’ time constraints t

i

, there may not be an allocation that solves
all m tasks within the overall time constraint T . Third, given the number of jobs j

i

that agents are at most willing to solve, we may not be able to solve all m tasks. Any
combination of these three factors may, of course, also cause infeasibility.

But most importantly, the requestor also has a budget constraint B, i.e., the total
value he has for getting all m tasks solved given the constraints, which is the most he
is willing to pay. So far, we have ignored the budget constraint in the allocation mech-
anism, i.e., in the IP formulation provided in section 4.2. But we cannot incorporate
the budget constraint into the IP directly because the prices (which will determine
whether we violate the budget constraint or not) can only be computed once the alloca-
tion has been found. However, this is not a problem. Even if the IP returns a feasible
solution, we can then simply check if the sum of the payments the mechanism intends
to make is below the budget constraint, and return “infeasible” if it is not. The overall
procedure, also taking care of potential infeasibilities, is provided in Algorithm 1.

ALGORITHM 1: CrowdManagers Task-to-Worker Allocation and Pricing Procedure
Require: I,W,B, T,Q

✓̂ = runProcurementAuction(I,QualificationTest,m)

x = allocationMechanism(✓̂,W, T,Q)

if x is feasible then
p = paymentMechanism(✓̂, x)

else
return no completion time feasible allocation found

end if
costs =

P
i2I pi · xi

if costs  B then
return x, p

else
return no budget-feasible solution found

end if

Workshop on Social Computing and User Generated Content, June 7, 2012, Valencia, Spain.
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Combinatorial Optimization Problem
Allocation Mechanism
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t

i

throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓

i

= (c
i

, j

i

, t

i

, q

i

), and
we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
workers make a type report, explicitly submitting c

i

and j

i

, and implicitly submitting t

i

and q

i

. Of course, these type reports may be non-truthful, if a worker is better off lying
than by reporting truthfully. We let ✓̂

i

= (ĉ
i

, ĵ

i

, t̂

i

, q̂

i

) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x

i

is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p

i

is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂

i

= (ĉ
i

, ĵ

i

, t̂

i

, q̂

i

), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):

min
x1,...,xn

nX

i=1

ĉ

i

x

i

(1)

s.t.
nX

i=1

x

i

= m (2)

x

i

· t̂
i

 T, 8i 2 I (3)
x

i

· q̂
i

� x

i

·Q, 8i 2 I (4)
x

i

 ĵ

i

, 8i 2 I (5)
x

i

� 0, integer, 8i 2 I (6)

Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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i

, t̂

i

, q̂

i

), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t
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throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓
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we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
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and j
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and q
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than by reporting truthfully. We let ✓̂
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) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x
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is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p
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is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂
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), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t

i

throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓
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= (c
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), and
we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
workers make a type report, explicitly submitting c

i

and j
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, and implicitly submitting t
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and q

i

. Of course, these type reports may be non-truthful, if a worker is better off lying
than by reporting truthfully. We let ✓̂
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, t̂
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, q̂
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) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x

i

is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p

i

is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂

i

= (ĉ
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, ĵ
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, t̂

i

, q̂

i

), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):

min
x1,...,xn
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t

i

throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓

i

= (c
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), and
we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
workers make a type report, explicitly submitting c
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and j
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, and implicitly submitting t
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and q
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. Of course, these type reports may be non-truthful, if a worker is better off lying
than by reporting truthfully. We let ✓̂
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, t̂
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, q̂
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) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x

i

is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p

i

is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂

i

= (ĉ
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, ĵ
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), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):

min
x1,...,xn
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t

i

throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓
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), and
we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
workers make a type report, explicitly submitting c
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and j
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, and implicitly submitting t
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and q
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. Of course, these type reports may be non-truthful, if a worker is better off lying
than by reporting truthfully. We let ✓̂
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) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x

i

is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p

i

is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂
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), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):

min
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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set of tasks will faithfully complete all tasks, continue to produce work at quality level
at least q

i

and that his completion time will remain t

i

throughout the whole process. We
call all of the worker-specific information his “type,” and denote it ✓
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), and
we let ✓ denote the joint type of all workers. Via the bidding interface (see Figure 2),
workers make a type report, explicitly submitting c

i

and j
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, and implicitly submitting t
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and q
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. Of course, these type reports may be non-truthful, if a worker is better off lying
than by reporting truthfully. We let ✓̂
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, q̂
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) denote worker i’s type report, and
✓̂ denote the joint type report of all workers.

The CrowdManager Mechanism: Based on the request R and the joint type re-
port ✓̂, the CrowdManager mechanism allocates each task in the work package W to a
specific crowd worker and determines prices. The mechanism M defines an allocation
rule, mapping any type report ✓̂ to an allocation x, and a payment rule mapping the
vector ✓̂ and x to a price vector p. The allocation vector x and payment vector p can be
defined as x = (x1, x2, ...xn

), where x

i

is the number of tasks assigned to crowd worker
i, and p = (p1, p2, ...pn), where p

i

is the price payed to agent i per task.

4.2. The Allocation Mechanism
Given m tasks, the requestor’s time constraint T , quality constraint Q, and each
agent’s (not necessarily truthful) type report ✓̂
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= (ĉ
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), the allocation mech-
anism assigns tasks to agents, minimizing the total cost (i.e., maximizing social wel-
fare). The optimal solution x(✓̂,m, T,Q) of this combinatorial optimization problem can
be found by solving the following integer program (IP):

min
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Here, (1) denotes the objective, which minimizes the total costs. Constraint (2) ascer-
tains that exactly m tasks get assigned to the agents; constraint (3) ensures that each
agent i, given the number of tasks x

i

he is assigned and his completion time t̂

i

, will
be able to complete all tasks given the requestor’s time constraint T ; constraint (4)
ensures that all tasks are accomplished within the quality constraint Q; constraint (5)
ensures that no agent i gets assigned more tasks than he is willing to solve; and finally,
constraint (6) ensures that no fractional tasks are assigned.

4.3. The Pricing Mechanism
The CrowdManager’s pricing mechanism computes an individual price p

i

to be paid
to agent i for each task he solves. Of course, the payment must be at least as large
as the agent’s opportunity cost, i.e., p

i

� ĉ

i

. This constraint is called the individual
rationality constraint. Equally important, we want to obtain a truthful mechanism
such that agents are best off reporting their true opportunity costs in the bidding
interface. Thus, the price p

i

will generally be strictly higher than ĉ

i

, and in particular,
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agent obtains positive utility, i.e., every agent gets paid a price per task that is at least
as high as his reported opportunity cost.

Note that using VCG, we find the cost-minimizing allocation. However, this will
not minimize the amount the requestor has to pay, because VCG prices are gener-
ally higher than the reported opportunity costs of the workers (to get truthfulness).
However, in our simulations (see Section 5) we observe that using VCG-based pricing
results in lower costs compared to a fixed-price payment rule, at almost all fixed pric-
ing levels. For a discussion of the pros and cons of using VCG instead of a requestor-
optimal mechanism (in the sense of Myerson), please see the discussion in Section 6.

4.5. Budget Constraints and Infeasibility
In the description of the allocation and pricing mechanisms, we have so far ignored
that the problem may be infeasible for the CrowdManager to solve, i.e., there may
not even be a solution. There are multiple factors that can cause infeasibility. First,
given the agents’ quality levels q

i

, there may be no agent in the retainer with q

i

> Q.
Second, given the agents’ time constraints t

i

, there may not be an allocation that solves
all m tasks within the overall time constraint T . Third, given the number of jobs j

i

that agents are at most willing to solve, we may not be able to solve all m tasks. Any
combination of these three factors may, of course, also cause infeasibility.

But most importantly, the requestor also has a budget constraint B, i.e., the total
value he has for getting all m tasks solved given the constraints, which is the most he
is willing to pay. So far, we have ignored the budget constraint in the allocation mech-
anism, i.e., in the IP formulation provided in section 4.2. But we cannot incorporate
the budget constraint into the IP directly because the prices (which will determine
whether we violate the budget constraint or not) can only be computed once the alloca-
tion has been found. However, this is not a problem. Even if the IP returns a feasible
solution, we can then simply check if the sum of the payments the mechanism intends
to make is below the budget constraint, and return “infeasible” if it is not. The overall
procedure, also taking care of potential infeasibilities, is provided in Algorithm 1.

ALGORITHM 1: CrowdManagers Task-to-Worker Allocation and Pricing Procedure
Require: I,W,B, T,Q

✓̂ = runProcurementAuction(I,QualificationTest,m)

x = allocationMechanism(✓̂,W, T,Q)

if x is feasible then
p = paymentMechanism(✓̂, x)

else
return no completion time feasible allocation found

end if
costs =

P
i2I pi · xi

if costs  B then
return x, p

else
return no budget-feasible solution found

end if
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agent obtains positive utility, i.e., every agent gets paid a price per task that is at least
as high as his reported opportunity cost.

Note that using VCG, we find the cost-minimizing allocation. However, this will
not minimize the amount the requestor has to pay, because VCG prices are gener-
ally higher than the reported opportunity costs of the workers (to get truthfulness).
However, in our simulations (see Section 5) we observe that using VCG-based pricing
results in lower costs compared to a fixed-price payment rule, at almost all fixed pric-
ing levels. For a discussion of the pros and cons of using VCG instead of a requestor-
optimal mechanism (in the sense of Myerson), please see the discussion in Section 6.

4.5. Budget Constraints and Infeasibility
In the description of the allocation and pricing mechanisms, we have so far ignored
that the problem may be infeasible for the CrowdManager to solve, i.e., there may
not even be a solution. There are multiple factors that can cause infeasibility. First,
given the agents’ quality levels q

i

, there may be no agent in the retainer with q

i

> Q.
Second, given the agents’ time constraints t

i

, there may not be an allocation that solves
all m tasks within the overall time constraint T . Third, given the number of jobs j

i

that agents are at most willing to solve, we may not be able to solve all m tasks. Any
combination of these three factors may, of course, also cause infeasibility.

But most importantly, the requestor also has a budget constraint B, i.e., the total
value he has for getting all m tasks solved given the constraints, which is the most he
is willing to pay. So far, we have ignored the budget constraint in the allocation mech-
anism, i.e., in the IP formulation provided in section 4.2. But we cannot incorporate
the budget constraint into the IP directly because the prices (which will determine
whether we violate the budget constraint or not) can only be computed once the alloca-
tion has been found. However, this is not a problem. Even if the IP returns a feasible
solution, we can then simply check if the sum of the payments the mechanism intends
to make is below the budget constraint, and return “infeasible” if it is not. The overall
procedure, also taking care of potential infeasibilities, is provided in Algorithm 1.

ALGORITHM 1: CrowdManagers Task-to-Worker Allocation and Pricing Procedure
Require: I,W,B, T,Q

✓̂ = runProcurementAuction(I,QualificationTest,m)

x = allocationMechanism(✓̂,W, T,Q)

if x is feasible then
p = paymentMechanism(✓̂, x)

else
return no completion time feasible allocation found

end if
costs =

P
i2I pi · xi

if costs  B then
return x, p

else
return no budget-feasible solution found

end if
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agent obtains positive utility, i.e., every agent gets paid a price per task that is at least
as high as his reported opportunity cost.

Note that using VCG, we find the cost-minimizing allocation. However, this will
not minimize the amount the requestor has to pay, because VCG prices are gener-
ally higher than the reported opportunity costs of the workers (to get truthfulness).
However, in our simulations (see Section 5) we observe that using VCG-based pricing
results in lower costs compared to a fixed-price payment rule, at almost all fixed pric-
ing levels. For a discussion of the pros and cons of using VCG instead of a requestor-
optimal mechanism (in the sense of Myerson), please see the discussion in Section 6.

4.5. Budget Constraints and Infeasibility
In the description of the allocation and pricing mechanisms, we have so far ignored
that the problem may be infeasible for the CrowdManager to solve, i.e., there may
not even be a solution. There are multiple factors that can cause infeasibility. First,
given the agents’ quality levels q

i

, there may be no agent in the retainer with q

i

> Q.
Second, given the agents’ time constraints t

i

, there may not be an allocation that solves
all m tasks within the overall time constraint T . Third, given the number of jobs j

i

that agents are at most willing to solve, we may not be able to solve all m tasks. Any
combination of these three factors may, of course, also cause infeasibility.

But most importantly, the requestor also has a budget constraint B, i.e., the total
value he has for getting all m tasks solved given the constraints, which is the most he
is willing to pay. So far, we have ignored the budget constraint in the allocation mech-
anism, i.e., in the IP formulation provided in section 4.2. But we cannot incorporate
the budget constraint into the IP directly because the prices (which will determine
whether we violate the budget constraint or not) can only be computed once the alloca-
tion has been found. However, this is not a problem. Even if the IP returns a feasible
solution, we can then simply check if the sum of the payments the mechanism intends
to make is below the budget constraint, and return “infeasible” if it is not. The overall
procedure, also taking care of potential infeasibilities, is provided in Algorithm 1.

ALGORITHM 1: CrowdManagers Task-to-Worker Allocation and Pricing Procedure
Require: I,W,B, T,Q

✓̂ = runProcurementAuction(I,QualificationTest,m)

x = allocationMechanism(✓̂,W, T,Q)

if x is feasible then
p = paymentMechanism(✓̂, x)

else
return no completion time feasible allocation found

end if
costs =

P
i2I pi · xi

if costs  B then
return x, p

else
return no budget-feasible solution found

end if
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Experimental Set-up
• Simulation with 10’000 distinct trials

• Baseline 1: First-completed first-served 
allocation with ex-ante defined fixed prices

• Baseline 2: Optimal allocation (IP) with ex-ante 
defined fixed prices 
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Number of Feasible Allocations
Results

CrowdManager - Combinatorial Allocation and Pricing of Crowdsourcing Tasks with Time Constr. 13

Budget=100% Budget=10%
Baseline 1 Baseline 2 Baseline 1 Baseline 2

F NF F NF F NF F NF
CrowdManager
Mechanism

Feasible (F) 55% 16% 60% 11% 0% 71% 16% 55%
Non-Feasible (NF) 14% 15% 23% 6% 1% 28% 1% 28%

Table I: A comparison of the three mechanisms with respect to the percentage of cases where they found a
feasible allocation. On the left we consider the case where the budget available to the baseline mechanisms
is 100%; on the right we consider the case where the budget available to the baseline mechanisms is only
10%.

CrowdManager mechanism and the Baseline 1 (using the sub-optimal allocation) lead
to almost the same number of feasible and infeasible allocations, with the CrowdMan-
ager mechanism slightly outperforming Baseline 1. The highest number of allocations
is achieved by the Baseline 2 mechanism, as it also uses the optimal allocation mech-
anism but spends all of the budget, and, in particular, does not set a dynamic price
based on agents’ reported costs.

On the right side of Table 1, we see the situation for a very small budget of 10%,
i.e., very low fixed prices. Here we see that both baseline mechanisms find very few
feasible allocations, and the CrowdManager clearly outperforms both mechanisms in
this case. This is to be expected. With a very small budget, the fixed-price mechanisms
perform poorly because they must set a very low price, which will be below most agents’
opportunity costs.

Fig. 3: Comparison of all three mechanisms with respect to the number of feasible allocations found, given
different budget levels (i.e., price levels) used by the baseline mechanisms.

To get a better picture, consider now Figure 3. Here we graph all 10 different budget
levels (i.e., price levels) at once, plotting the number of feasible solutions found by all
three mechanisms. This clarifies the overall picture. We see that for a budget of 100%,
the Basline 2 mechanism finds the most feasible allocations, but that the advantage
over the CrowdManager’s mechanism shrinks very quickly. Already at a budget level
of 90%, the difference is within 5 percentage points. At budget levels between 70% and
50 %, the two mechanisms find essentially the same number of feasible allocations.
When reducing the budget further, the number of feasible allocations found by
Baseline 2 sharply decreases. The shape of the Baseline 1 mechanism is essentially
the same as the one of Baseline 2, except that on average, the percentage of feasible
allocations it finds is lower by about 15 percentage points and, hence, always strictly
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Comparison of Average Costs
Results

14 P Minder et al.

below our mechanism. Thus, we see that both aspects matter: the optimal allocations
of tasks (compare Baseline 1 and Baseline 2), as well as the optimal pricing of tasks
(compare Baseline 2 and CrowdManager).

The number of feasible allocations found by the three mechanisms is, however, only
half of the story. To get the full picture, and to determine the overall effect on the
requestor’s utility, we also need to consider the total amount of money the mechanisms
spend for allocating their tasks to the agents. Here, we find that the CrowdManager’s
mechanism significantly increases the requestor’s utility by minimizing the cost for
solving the tasks in almost all cases.

100% 90% 80%

Budget Allocated by Baseline Algorithm
70% 60% 50% 40% 30% 20% 10%

Fig. 4: Average costs for solving a work package in % of the budget by only comparing the cases were both
the CrowdManager and the baseline mechanisms find feasible solutions.

Consider Figure 4, where we plot the average cost for solving a work package in
% of the total budget available. Again, we plot this for all 10 different budget levels,
going from 100% on the left to 10% on the far right. Here we see the true power of the
VCG payment rule. When the baseline mechanisms use 100% of the budget, the VCG
payment rule only spends 30%. Even for those cases where the number of feasible
allocations found by CrowdManager and by Baseline 2 are the same (70% down to
50%), we see that the VCG payment rule results in costs that lie at around 1/2 of
the total costs spent by the baseline mechanisms. Note that for this figure, we limit
the comparison to those cases (parameter settings), where both mechanisms found a
feasible solution. Naturally, as we decrease the available budget all the way down to
10%, we ultimately get to settings where the number of feasible allocations found by
the baseline mechanism is very, very small (compare Figure 3). However, for those
settings where it does find an allocation, the total cost is obviously also very small (i.e.,
10% of the overall budget). Thus, in exactly those cases it is expected that the total
cost incurred by the CrowdManager is indeed higher than 10% of the budget.

Overall, these simulation results are very encouraging. They show that, for many
parameter settings, the CrowdManager will find allocations that are more cost effec-
tive than using a fixed-price mechanism. And, unless almost all of the available budget
is spent, the CrowdManager also finds the same or even more feasible allocations than
the baseline mechanisms. But most importantly, CrowdManager provides a principled
way to determine the “right” price and does not rely on “guessing” the right fixed price.
Thus, the CrowdManager is clearly able to increase the requestor’s utility, which de-
pends on both the number of feasible allocations found and the total cost.
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Conclusion from the Simulation
The Requestor’s Average Utility
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• Varying the number of tasks in to be allocated does not 
impact the execution time

• The execution time increases quickly as the number of 
workers in the retainer grows.

Runtime Analysis
Results

CrowdManager - Combinatorial Allocation and Pricing of Crowdsourcing Tasks with Time Constr. 15

(a) (b)

Fig. 5: Execution time of the CrowdManager’s allocation and pricing mechanism varying (a) the number of
tasks to be allocated (with fixed n = 50 workers in the retainer) and (b) the number of workers participating
an auction (with a fixed number of m = 200 tasks in the work package).

5.3. Runtime Analysis
We tested the performance of the CrowdManager allocation and pricing mechanism
using a prototype implementation in Java that employed the Gurobi Solver3 for solving
the IP. We ran all evaluations on a Macbook Air, 1.8GHz Intel Core i7 with 4 GB RAM.
We were interested in the execution time of the mechanism depending on the number
of tasks m to be allocated and the number of workers n. As Figure 5(a) shows, varying
the number of tasks m to be allocated between 1 and 1000 (with fixed n = 50 workers
in the retainer) does not impact the execution time. The processing of the allocation
and pricing mechanism takes between 900 and 1150ms for the vast majority of cases.

In contrast, when varying the number of workers in the retainer (see Figure 5(b)),
the execution time increases quickly as the number of workers in the retainer grows.
This is due to an increasing number of constraints that are added to the IP as we add
more workers. Nonetheless, even an allocation problem with up to 160 workers can be
solved within 8 seconds on a laptop. Thus, despite the worst-case exponential running
time, typically-sized problems can be solved in practice within feasible time-frames.

6. DISCUSSION, EXTENSIONS, AND FUTURE WORK
The simulation results we presented in Section 5 are encouraging, suggesting that the
CrowdManager is a suitable framework for the combinatorial allocation and pricing
of crowdsourcing tasks with budget, completion time, and quality constraints. Clearly,
the most important open problem is to validate CrowdManager in practice. To this end,
we are currently designing an experiment to test our approach, using the translation
task described in Section 3. We are in the process of implementing the complete Crowd-
Manager framework as well as the two baseline mechanisms. In the experiment, we
plan to do A/B testing of the different mechanisms on Amazon’s Mechanical Turk. We
will compare the performance of the different mechanisms by keeping all parameters
of the experiment constant, only changing the allocation and pricing mechanisms.

Modeling Extensions. The experiment will also reveal CrowdManager’s robust-
ness regarding the simplifying assumptions we have made. First, we have assumed
that agents cannot fake their completion time t

i

and quality q

i

. We have proposed to
measure these variables during the qualification test. Hence, it will be imperative to

3www.gurobi.com
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VCG vs. Requestor-Optimal

• CrowdManager’s mechanism leads to large cost 
savings in average, but does not directly 
minimize the requestor’s cost

• Myerson-style mechanisms do not easily 
generalize to multiple dimensions

• Benefit of using a Myerson mechanism is likely to 
be negligible in practice                                  
[Bulow & Klemperer, 1996]
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• Modeling learning effects / economies of scales 
vs. weariness effects

• Distributional assumptions for the variability of 
human performance

• Evaluation in a real-world experiment

Future Work
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Conclusion
• finds more feasible allocations under the 

requestor’s budget, completion time, and quality 
constraints

• increases the requestor’s utility

• leads to more efficient allocation

• offers a principled way for dynamic price task
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No longer a need for “guessing the right price”
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