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ABSTRACT' 

Suppose we are confronted with an environment which consists of large common 

costs and uncertain supplies. Furthermore, suppose the resources in this environment are 

being supplied by a public enterprise monopoly whic~ is interested. in maintaining economic 

efficiency while recovering costs incurred by the project Then the above problem becomes 

one of institutional design. 

Even if conditions existed in which traditional marginal cost pricing provided the 

proper signals for efficiency, additional charges \yill be necessary to recover costs due to the 

large common costs in this environment. Ideas and suggestions about decentralized methods 

of covering common costs lead naturally to questions about decentralized methods for 

solving the public goods provision probJem. This paper reports in part on an experimental 

investigation of four methods for allocating publk guods. The two basic processes studied 

are direct contribution and a public goods auction pr,ocess. Both of these processes are 

studied with and without an additional unanimity feature. The results suggest that the 

auction process outperforms direct contribution. The effect of una.nimity is to decrease the 
~ 

efficiency of both processes. Strategic aspects of the voting rule· (umiIiitfIity) -u.--e evident in 

the results. 

To assist in the contingency planning for environments with lmcertain supplies, 

different contract forms are considered. In particular, priority and contingent c.ontracting are 

investigated along with specific mechanisms to allocate such contracts. 

xi 



xii 

An experimcntal environment is developed to investigate the various contract fonns 

and mechanisms. The experiment considers two contract fonns (contingent 'and priority) 

and four allocation mechanisms (Random, English auction, English auction with queue, and 

Iterative Groves). The experimental results show that bidding for priority results in highcr 

efficiency than pre-assignments. Furthermore, allowing individuals to signal coalitional bids 

has a positive effect on efficiency and revenue generated. 



HISTORY. ENVIRONMENT. AND MODELS 

This paper will examine the use of decentralized allocation mechanisms which 

attempt to maintain economic efficiency and facilitate the recovery of costs or the prioritized 

use of resources. The environment in which the mechanisms are to operate is described by 

the following circumstances: 

i) The cost of providing the resources in question is characterized by large capital 

costs and relatively fixed operating cost (or large common costs). 

ii) The availability of services during operations is uncertain. While different levels of 

reliability may be available to demanders. performance uncertainty can be eliminated only at 

substantial (possibly infinite) cost. 

iii) Demanders a.re not homogeneous in that they have different options/preferences 

with corresponding costs and benefits over levels of resource use and their reliabilities. 

iv) Information concerning cost. benefits. reliabilities. options. etc .• is dispersed 

among many players. 

Our analysis will proceed assuming that the resources in question are being offered 

by a public enterprise and that the public enterprise is the sole supplier of the resources. 

Hence. our problem becomes one of designing institutions which will assist in achieving the 

goals stated above without direct market (supply) forces. Given that information concerning 

the parameters which generate cost and benefits is dispersed. any mechanism which is used 

in this environment must effectively transfer information from those who have it to those 

who require it to make "good" decisions. Thus. the problem we will investigate is the design 

1 
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of allocation mechanisms in an environment consisting of uncertain supplies, large common 

costs, and asymmetric information. This study is directly related to the literature on the 

design of regulatory (principal-agent) mechanisms and institutions (Baron (1987)). 

However, the environments most closely related to those that will be investigated here are 

high technology pioneering projects. Furthermore, the existing institution associated with 

resource allocation for these types of projects tends not to use price signals (and direct 

incentives) to promote efficient allocations. Many times, those designing the resource 

allocation mechanisms are overwhelmed by the technical aspects of the project and tend to 

concentrate on engineering fixes or committee decisions. One very important aspect of 

pioneering projects are their performance uncertainties (Marrow (1978)) which suggests that 

a resource allocation mechanism in this environment must consider the contingent relocation 

of resources for the possible states of the system. 

For purposes of exposition, our working example and model development will be 

concerned specifically with the allocation of resources on an earth-orbiting space station. 

Thus, many of the issues and mechanisms to follow will be based on the specific 

characteristics of a space station and our applications will revolve around its technical and 

economic features. However, it will be easy to identify the appropriate modifications 

required to apply the model to other situations (this will usually involve the renaming of 

variables). 

The next subsection will provide a general description of the space station decision 

problem. It parallels the description provided above but with the details associated with 

space station to provide more insight into the structure to follow. 



.3 

The Space Station Allocation Problem 

The United States National Aeronautics and Space Administration (NASA) has 

scheduled the development and operation of a space station for the mid-1990's. Because the 

station will have low gravitational fields and an absence of atmosphere, the facility will be 

used for a variety of purposes ranging from basic research to manufacturing. The economic 

and engineering decisions that must be made in order to construct and oIY.!rate a space station 

are numerous and complex. In the current design phase, NASA must decide on the level of 

service capacities (power capacity-kw, man capacity-manhours for intravehicular and 

extravehicular activity, pressurized volume-cu. ft, etc.),laboratory outfitting (centrifuges, 

microscopes, etc.), and configurations (man-tended, solar dynamic vs. photovoltaic electric 

power system, closed environment loop, etc.). These current design decisions are ultimately 

related to NASA's short-run decisions such as which payloads to manifest, the level of 

payload operations, and contingency planning and operations. Finally, it must assimilate the 

information it will receive during the design and operations phases of the station to 

determine how to redesign and grow an existing station. 

From the above description, we see that NASA is faced with the general economic 

problem of choosing among all the competing uses and designs for its station. Furthennore, 

in the design phase NASA has been given a "fixed" capital budget of $8 billion (1984 $) by 

Congress. L"1 order to provide assistance winl the economic decisions tl'lat it will make, 

NASA must attempt to design a mechanism to allocate the resources associated with the 

space station program. Central to the design of any resource allocation mechanism are the 

goals and perfonnance objectives to be achieved. Among the variety of goals potentially 

implementable through a space station allocation mechanism, two will be of primary 
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concern to us: the efficient operation and utilization of station resources and the recovery of 

costs incurred through the use of those resources. 

The design of a resource allocation mechanism to meet these stated goals is not a 

simple problem, given that space station will be a pioneer project with many new and 

untested attributes. In addition, the specific benefits tc be gained by users, both in the 

scientific community and in the commercial sector, from station resources are unknown and 

may be unknowable for years to come. To solve this complex allocation problem and 

produce efficient results requires knowledge of production technology, costs, payload 

designs and benefits, and station resource, transportation, and payload reliabilities. 

Unfortunately, this infollIlation is dispersed among a wide range of participants. 

In order to coordinate the actions of the potential participants in the space station 

program.~d to provide them with information concerning their effect on station objectives 

(with incentives to act accordingly), it is reasonable to suggest that prices be used to guide 

decisions. If there are "enough" markets and "enough" participants we could rely on private 

markets (competition) to generate equilibrium prices which would guide participants to 

make decisions consistent with an efficient allocation of resources. With respect to the 

condition of enough markets, the existence of public benefits from basic research in low 

earth orbit may not allow competitive forces to move the system to an optimal allocation. In 

terms of the assumption of enough participants, the cost structure of space station (large 

sunk costs) renders the prospect of market contestability rather wealc. However, one must 

remain skeptical of such an argument given the pl~s for commercial free-flying platforms, 

terrestrial research facilities, and foreign government space ventures. Specifically, this same 

cost argument can be found in the early justification of the Shuttle to displace domestic 
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(public and private) e,(pendable launch vehicles (ELV). However, to date there has been 

considerable competition coming from foreign EL V suppliers (Ariane and recently China 

and Japan) which are detennining Shuttle prices rather than an accounting cost 

basis.Nonetheless, we shall be assuming throughout this paper that conditions hold such that 

space station will be a public enterprise monopoly and will not have its prices directly 

detennined by competitive pressures. Thus, in order to emulate the outcomes of a 

competitive market, one must design resource allocation mechanisms that provide the proper 

incentives (price signals) to support efficient allocations. 

One possible institution for generating prices to guide decisions is a cost-based 

system. Traditional cost-benefit analysis with no uncertainty leads inevitably to the 

conclusion that to achieve long-run efficiency, the price of a resource should be set equal to 

its long-run marginal cost. If costs are uncertain, then the expected marginal costs can be 

used. This type of posted price institution assumes that capacity is built and operated in 

response to users' demands at these prices. That is, we can describe this allocation 

mechanism as one in which a price is posted for services and orders are filled at these prices. 

However, given that expansion/contraction of capacity for the station is costly and requires 

extensive lead time, short-run imbalances of supply and demand at posted (long- run 

marginal cost) prices will most likely be augmented with allocation policies such as first

come, first-served or a committee process. Furthennore, given the significant supply 

uncertainty about the actual quantity of resources to be available to users from the designed 

station, the concept oflong-run marginal cost is problematic. One can calculate the 

expected long-run marginal cost of the expected output to be supplied or the expected 

marginal cost of the maximum to be supplied, however, neither of these is the price which 



will provide incentives to users that support efficient outcomes. Finally, we notice that if the 

space station cost structure is characterized by large common costs and/or decreasing costs, 

then a long-run marginal cost policy will not allow for the recovery of costs. 

6 

The recurring theme of this paper is that the combination of uncertainties and long

tenn goals of space station casts doubt on the applicability of traditional cost-benefit 

solutions to resource allocation problems. The purpose of this paper is to define and analyze 

decentralized resource allocation mechanisms that will provide incentives and infonnation to 

space station participants that allow for the efficient allocation of resources in both the 

short-run and the long-run. We will develop a pricing mechanism that will assist in covering 

costs while maintaining efficiency given that demands are unknown. Then we will construct 

contracts and institutions which explicitly price the order in which resources will be 

dispatched to users. 

The mechanisms developed in this inquiry will be subjected to experimental testing. 

The purpose of the experiments for these space station allocation mechanisms is two-fold: 

1) To provide data on the operation of such mechanisms and to detennine their 

reliability to meet the stated goals; and 

2) To force the analyst to describe in full detail the environment and allocation rules 

needed to implement the policy. 

It is the second purpose that will ultimately help in identifying crucial institutional 

rules of the mechanisms and to communicate to those individuals who will institute such 

policies how the process might wmk and demonstrate its properties in a "non-technical" 

manner. 

The remainder of Section I will be organized as follows: The next subsection will 



review the salient features of the current NASA Shuttle/Spacelab pricing policy in order to 

(a) compare and contrast the current scheme with the proposed options in this paper and (b) 

determine the possible allocation problems that will be relevant for space station. Next, we 

will discuss the information and decision structure of the station in order to develop the 

model for space station decisionmaking and the role of prices. From this development, we 

shall then construct and analyze a fonnal model of the space station environment Finally, 

we will provide a prologue of the mecilanisms to be developed in the following sections. 

Shuttle Resource Allocation History 

Until now we have discussed only the generic aspects of the space station 

environment and various allocation mechanisms. However, many of the details of space 

station and current NASA pricing practices will be required to develop a complete baseline 

policy to be compared with feasible alternative pOlicies. Thus, in this subsection, we will 

discuss the salient features of the current Shutde/Spacelab-Space Transportation System 

(STS) allocation policy to: 

a) Determine whether there is a suitable extension of this policy for space station 

(develop a baseline); 

b) Compare and contrast the current scheme with possible priCing options for space 

station; and 

c) Determine specific allocation problems for space station. 

Our main area of concern in this subsection is to develop a "baseline" policy from 

the results of Shuttle history. The focus will be on the pricing policy and short-run 

allocation decisions. We will briefly describe the design and development decisions made 

for the Shuttle in relation to its consequences on economic efficiency. For those interested 

7 



in a detailed economic history of Shuttle development, see Banks (1986). 

Design Decisions 

After the successful moon landing in July 1969, NASA considered a manned 

expedition to Mars as its next "logical" step. The Space Task Force headed by Spiro Agnew 

identified the Shuttle as only one component for the expedition, which included a space 

station and orbital tug. The cost of this Y'enture was not supported in Congress or the White 

House, and thus NASA only focused on the Shuttle. 

The concept of the Shuttle was to reduce the cost per pound of placing payloads into 

orbit The technology to develop a re- useable spacecraft was very much a pioneer project 

and NASA wanted to produce a manned vehicle with the ability to launch 65,000 pounds 

into orbit per flight Critics of the initial designs for the Shuttle argued that the pioneer 

nature of the Shuttle combined with its capital irreversibility required a more evolutionary 

approach (small scale) for learning purposes (Roland (1985». Furthennore, the estimates of 

the demand for Shuttle services did not consider (or attempt to ascertain) how the space 

cargo for the future would influence current design tradeoffs. 

As the Shuttle began its development phase, its costs started to increase above 

projections. To further complicate the development phase, the Department of Defense 

(DOD) wanted to increase the operational capabilities of the Shuttle (without augmenting 

NASA's budget), which increased the development cost of the Shuttle. However, at this 

same time the Office of Management and Budget (OMB) would not allow the NASA 

development budget to increase. Caught in this cost squeeze, NASA commissioned 

Mathematica to perform a "cost-benefit" study for the Shuttle. The study estimated the life

cycle cost for the Shuttle of pounds into orbit vs. the life-cycle cost of placing the same 

8 



pounds into orbit with expendable launch vehicles (EL V). The study concluded that at a 

launch rate of 30 flights per year, the Shuttle "would pay for itself." On the basis of this 

study, NASA could claim that the Shuttle was justified on economic grounds even though 

the opportunity costs of the funds for the Shuttle were not considered. 

The development of the Shuttle then proceeded with Congress supporting cost 

recovery, OMB focusing on development costs, DOD pushing for operational capabilities, 

and NASA focusing on manned space flight. Without input from the potential users of the 

Shuttle to detennine its design, NASA began trading higher Shuttle operations costs and 

reduced the perfonnance (launch capacity) of the Shuttle to place less pressure on 

development costs. Finally, on November 11, 1981, the first Shuttle was launched three 

years behind schedule. NASA entered the operations phase of the Shuttle, which included 

stiff competition from a new entrant supplying launch services (Ariane ELV's). 

The basic lessons to be learned from the story of Shuttle development in tenns of 

economic efficiency are: 

(i) Cost-benefit analysis did not provide the necessary infonnation to allow for 

optimal design tradeoffs; 

(ii) With pioneering projects, cost and perfonnance uncertainties should be used 

directly in analyzing alternatives; and 

(iii) The ultimate lL'iers of the resources should have a way (markets/contracts) to 

register their preferences so that appropriate design and operations decisions can be made. 

Next, we will consider the characteristics of Shuttle/Spacelab operations. Spacelab 

is a module and/or pallet configuration that fits in the Shuttle bay and provides a short 

duration (seven days) shirt-sleeve laboratory environment in low earth orbit. Since Spacelab 

9 



is the closest analogy to the planned space station, its resource allocation history will 

provide insights into our analysis in later sections. 

Shuttle/Spacelab Pricing 

10 

The STS pricing policy distinguishes various user classes (e.g. commercial, NASA, 

DOD, other U.S. government agencies) and assesses a different price for each user class. The 

different prices range from those with no direct payments (NASA-sponsored payloads) to 

those calculated on a specific cost to be recovered basis of a dedicated Shuttle flight (e.g. 

three-year average out-of-pocket costs per flight for commercial/foreign users). In addition, 

NASA offers several types of joint working agreements to subsidize private sector space 

research. These include Technical Exchange Agreements (TEA - use of NASA ground 

facilities and research results), Industrial Guest Investigator (lGI - participation in ongoing 

NASA space research), and Joint Endeavor Agreements (JEA - free Shuttle flight time and 

technical advice until the endeavor is "viable"). 

For the payloads of "paying" customers, the Shuttle price is detennined by the 

maximum percentage of Shuttle weight or length capacity used by the payload (load factor) 

times the cost basis for a dedicated Shuttle flight. For this price the user receives a set of 

standard services. Standard mission services include orbital flight planning, payload safety 

review, payload installation, verification and compatibility, three- man crew, one-day 

mission operations, on-orbit payload handling, transmission of payload data, deployment of 

free flyer, and mission destination (160 n. mi., 28.50
). If the user requires services beyond 

the standard set (optional services), they are paid for separately at "cost". Examples of 

optional services are: payload mission planning, non- standard orbital flight and planning, 

launch window constraints, special integration and test, special crew training, upper stages, 
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mission kits. revisit and retrieval. EVA. additional time on orbit. payload data processing. 

and mission inclination 104°. Each of the services has a price range associated with it and 

the final price is determined by NASNuser negotiations. In addition. NASA will undertake 

any reasonabie optional service that the user can adequately define and that NASA can 

capably perform (price negotiable). In addition. STS policy also offers a special price for 

small self-contained payloads, get-away specials (GAS), that require no Shuttle services 

other than launch and are flown in a NASA-supplied container on a space-available basis. 

Furthermore, there are exceptional determination payloads which are defined as a user 

(payload) that is considered to have an unU!luallly high potential value to the general public. 

This determination qualifies a user for a lower price. 

Spacelab module and pallet configurations are considered optional services and thus 

have their own allocation and cost factors. Specifically, on a deoicated Spacelab mission 

there is a set of standard services (e.g. launch, flight crew, accommodations for two payload 

specialists, payload integration, electric power, payload environmental control, data 

processing and acquisition). A payload reed ves a pro rata share of the capacity of these 

services based on the maximum of its weight or volume use of Spacelab capacities 

(Spacelab load factor). The Spacelab weight capacity for payloads is based on Shuttle 

weight capacity for launch minus the weight of the Spacelab element without payloads.The 

price associated with this allocation is the pro rata share (based on the payload load factor) 

of the total cost of the Spacelab flight, i.e., Shuttle operations and Spacelab eiemeni 

operations. Certain optional services associated with a Spacelab mission are also available to 

users and the price is negotiated between NASA and the user. The determination of this 

negotiated price is in part based on the impact the accommodation of this payload has on 



other manifested payloads (see the manifesting process described below.) Examples of 

optional Spacelab services include additional time on orbit, additional payload specialists, 

and additional standard services beyond the user's pro rata share. 
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STS fees include provisions for payload delays and cancellation, along with 

schedule options such as standby (a category of a shared-flight user whose payload is 

launched at NASA's convenience within a specified 1 - year period), short-tenn callups 

(pennits a user to contract for a launch less than 1 year in the future), reserve launch dates 

and accelerated launch date. The fees for these provisions in scheduling depend on 1) the 

advance notice time given to NASA by the user, 2) the status of the Shuttle schedule, 3) the 

availability of payloads to fill in the vacated capacity, and 4) the cost committed in 

providing optional services. In tenns of direct NASA responsibilities for its schedule and 

operations reliability, there is a reflight guarantee; otherwise, only a best efforts clause is 

operational, i.e., NASA provides no warranties on the quality of its service. Table 1 supplies 

a summary of the general price provisions for Shuttle/Spacelab resources. 
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Table 1 

Pricing Provisions for Shuttle/Spacelab 

Usp.r Classes , Resources Available Fonn of Prices Schedule Options 

Paying Class 
-Commercial 
-Civil US Gov. 

Nonpa~ing Class 
-NASA Sponsored 
-JEA 

Special Class 
-GAS 
-Exceptional 

Payload Manifesting 

Standard Servic~..§ 
-Resources avialable 
at one fixed price 
-Prorata share of 
Spacelab resources 

pptional Services 
-Negotiated willi 
established range 

Standard Service 
-Cost based and 
fixed 

Optional Service 
-Not fixed; based 
on cost, system 
contraints and 
user requirements 

OJ2tion 
-Standby 
-Callup 
-Reserved Launch 
Date 

Contingencies 
.:postponement 
-Cancellation 
-Reflight Guarantee 

Shuttle payloads are manifested on a first-come, first-served basis according to 

requested launch dates up to three years in advance. However, priority is given to national 

security payloads and payloads with specific launch windows such as planetary missions. 

Furthennore, if there is a slip in the Shuttle launch schedule, commercial (paying) customers 

are given priority over non-planetary science payloads in any remanifesting due to the 

schedule slip (although this rule is not specifically stated in the srs Users' Handbook, it is 

de facto the process by which schedule reliability is handled.) Such a priority rule biases the 

design of lower-priority payloads towards smaller, easy-to-integrate sizes to minimize the 

chance of delays (and ~uce opportunity costs) if schedule reliability is low. This seems to 

be a contributing factor to the excess demand for middeck lockers on the Shuttle. 

Manifesting of instruments on Spacelab is a more complicated procedure. First, 

instrument requirements are given to NASA Payload Engineering Division (Code EM) 
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where tentative payload groups are studied for compatibility, i.e., experiment interfaces, use 

of common facilities, and resource utilization. Specifically, the STS Investigators' Guide 

states that, "In general, for a given flight or series of flights, the tentatively selected 

experiments arc grouped by discipline to provide for maximum scientific data return from 

the various research areas, minimum interface among the experiments, and maximum 

feasible use of common facilities, sensors, and data processing equipment." In an idealized 

situation, the mission that should be funded from the set of feasible instrument combinations 

is the Oile u'1at maximizes the difference between mission benefits and costs, including the 

costs of payload development and operations. From conversations with Code EM personnel, 

it W2S learned that the manifesting process is an iterative procedure. In general, Code EM 

receives infonnation from payload designers about instrument requirements and develops 

tentative payload groups. Then NASA management transmits infonnation about its 

preferences (relative benefits over the payloads and payload groups). Infonnation about how 

instruments fit together and about queue position is transmitted to sponsors, payload 

designers, and investigators. Payload designers and investigators then reevaluate their 

designs to detennine the feasibility of changing their requirements and therefore changing 

the payload assignment. 

Finally, results of mission studies are "evaluated" and a decision is reached on mission 

funding. It is inevitable that mission assignments are affected by political considerations in 

addition to economic considerations. Thus, the manifesting process is based on engineering 

feasibility assessments and management approval, i.e., the process by which infonnation 

about benefits and resource costs arc transmitted is centralized. 

A commercial paying customer enters this same manifesting process. 
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However, if that individual does not obtain his preferred queue position, he can negotiate 

his price with NASA to obtain a better queue position. The negotiated price depends on the 

"value" of experiments that must be displaced to accommodate the commercial instrument. 

The point to notice from this discussion is that Spacelab manifesting is not a first-come, 

first-served process, as is the Shuttle. In addition, because the resource constraints involve 

more dimensions than weight and volume for launch, the process of assigning instruments to 

fonn a Spacelab payload is a complicated algorithm of which instrument compatibility is an 

important input. 

Once a mission is funded and a flight is approved, a manifested science instrument 

can still be displaced by other science payloads. It is our understanding that instruments can 

be added and subtracted after a mission is manifested. However, commercial Spacelab 

payloads will not be displaced without negotiated compensation once they are manifested. 

Spacelab Mission Coordination and Implementation 

Many events can occur between the manifesting/funding of a Spacelab mission and 

the post-flight operations. These events may adversely affect the resource allocation of a 

mission. Before the actual operation of a mission, planning must be undertaken to both 

integrate the instruments of a mission into Spacelab and STS operations, and to 

schedule/coordinate the use of available resources to satisfy instrument requirements. This 

function is directed by a Payload Mission Manager (PMM), and this individual is 

responsible for implementing a particular mission. The actual mission plan, coordination of 

requirements, and the resolution of resource scheduling conflicts is provided through a 

committee mechanism (Investigator Worldng Group - IWG) consisting of the users and 

chaired by a NASA Mission Scientist. The IWG develops a mission plan and 
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recommendation to be implemented by the PMM. If a conflict arises due to changes such as 

new instruments entering the mission, a change in instrument requirements, or the deletion 

of instruments on a mission, the IWG attempts to resolve the conflict. The actual structure 

and procedures of the IWG are developed by the Mission Scientist for each mission. In 

general, the IWG tends to work by consensus and bilateral arrangements between the parties 

in conflict, with the final recommendation coming from the Mission Scientist. Users can 

appeal the outcomes of the IWG by going directly to their sponsors and attempting to 

receive priority through the NASA Program Manager. Figure 1 provides a sample flow of 

information and decisionmaking requirements needed to implement /plan a mission after 

manifesting and prior to operations. 

Since priorities, contingencies, and continuing responsibilities and rights to 

resources of users are not established in the initial allocation and prices, a mechanism (IWG) 

had to be created for coordinating resource use (trades) and for conflict resolution. 

Spacelab Mission Operations 

After a mission has been planned and integrated and the available resources are 

scheduled aIld "timelined", many situations can still arise that will disrupt the planned 

schedule of resources and thus require a replanning of the timeline (a compliant from the 

science payload users and crew of Spacelab has been the micro managing of resources 

t.h~"'Ough t.lte tirneline.) In general, provisions have to be made by NASA to handle a) the 

probability that planned resources will be less than anticipated, b) the probability that an 

individual payload may malfunction and therefore either require more resources for repair or 

release WlUSed resources, and c) the use of resources to expand an experiment due to 

"unique" opportunities. The analog of the IWG for the operations phase is the Science 
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Operating Planning Group (SaPO). The structure and procedures of the SOPG are 

developed by the Mission Scientist in conjunction with the users. 
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For Spacelab 3, the decisions by the SOPG were made by majority rule of the users 

(or discipline representatives in the case of short-term decisions), with the Mission Scientist 

casting the deciding vote in case of a tie (for very short-term replanning of the timeline, the 

Payload Operations Director (POD) establishes the reallocation of resources). However, 

decisions by the SOPO could be vetoed by the NASA Program Scientist if the decision did 

not meet NASA "programmatic requirements". The operating plan for Spacelab 3 also 

established initial priority guidelines for contingency operations (reallocation of resources) 

which included a) the release of resources by a completely failed experiment, b) experiments 

that had been scheduled to receive resources were to obtain their planned consumption prior 

to dispatching resources to resuscitate a failed experiment, and c) priority for use of 

unplanned excess resources went as follows: 1. experiments that lost opportunities due to 

STS problems, 2. experiments that lost opportunities due to hardware/software problems 

from which it recovered, 3. experiments that reqwre troubleshooting. 

As before, since priorities, contingencies, and rights to resources are not established 

in the initial allocation and pricing of resources, a mechanism is required to allow for real 

time reallocation of resources. 

From our discussion above, Lie following facts emerge which can be used to 

develop a baseline approach for space station allocations: 

(i) Prices will be used to recover some preassigned level of costs. Station services 

will most likely be priced on some form of fully distributed cost basis, or not priced at all for 

science payloads. 



(ii) Prices will not be adjusted to help in allocating resources in the short run. In 

particular, manifesting (finmg) will be performed by first-come, first-served rules or by a 

committee. 

(iii) Contingent operations will playa large role in the short run for space station and 

will most likely be performed by a committee. 

(iv) Rights to resources will not be given in terms of abilities to resell and 

expand/contract resource use. 
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We note that the above description reveals that prices are not used to affect behavior 

in order to move the system to an economically efficient outcome. We now consider a 

sped fic representation of the space station environment and the role of prices to guide 

decisionmakers. 

Decision and Information Structure 

The purpose of this section is develop the type of decisions that must be made in the 

space station economic environment. Of particular importance to the economic model that 

will follow is who knows what and the type of coordination (information transfer) that is 

required among the players in this environment. While we will be using terminology that is 

specific to space station decisions and operations, it will be obvious that by renaming the 

variables in our model we will be describing environments that are characterized by 

significant cost and output uncertainty which requires contingent resource allocation. 

In general, decisions can be considered to be either long-run or short-run on the 

basis of what variables can be changed and what information is available. In terms of space 

station, an initial decision must be made concerning subsystem capacity and design 

parameters (Xi, Vi) - size and type of power system, number of modules, etc. This design 
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decision is made under uncertainty in the sense that tbe cost and performaflce functions have 

random variables associated with them. After tbe station design 1.!; chosen, payloads must be 

manifested and designed (di ) - weight, volume, automation, etc. This decision requires 

planning for possibilities tbat may arise during operations along wi\h securing budgets for 

construction. After payloads have been manifested, station operations and resources (Si; ui ) 

- crew size, launches, kilowatts of power, data, etc., along with payload operations and 

resource use (si, qi) - spares, logistics, power, data, etc., must be determined. Finally, 

decisions as to the growth and redesign of the station (llX i , vi) must be determined. 

Supplied below is a list of the decision phases and the choices that must be made in 

each phase. The design and growth decisions can be considered long-run decisions while 

manifesting and operations can be thought of as comprising short-run decisions. However, 

advanced contracting and contingency planning can clearly place the manifesting decision 

into the same time frame as the design and growth decisions. That is, we can provide 

different contract fOlms which can solicit information concerning future demands that can be 

incorporated into current design decisions. 

Design Manifest Operations Growth 

Avi ·i 
L.1I1. ,v 

The coordination problem in this framework revolves around the fact that each of 

these decisions is being performed by different players who need information from the 

others in order to make decisions which are compatible with economic efficiency. In 

particular, the station designer requires accurate demand and cost information in order to 
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deternline what design to choose. Station manijesters need to have information concerning 

payload net benefits and available resources and contingencies. Station operators must 

know initial demands at the manifest along with net benefit information to assist in 

reallocations in contingent operations. The demand side consists of the payload sponsor 

who must provide budgets based on cost, operations, and net benefits from the payload. The 

payload designer and operator must be provided information concerning the scarcity of 

station resources and station performance trade-offs. 

The above delineation of decisions and decisionmakers reveals that the benefits of 

any particular payload, the design requirements and associated costs of any payload, and the 

technological possibilities and costs to fly any mission set, is dispersed among a wide range 

of participants. Thus, a resource allocation mechanism must provide these participants with 

incentives to reveal the required infonnation so that optimal decisions can be made. 

The next section will provide a model of the production, cost and demand for space 

station and describe what is required to obtain economically efficient outcomes. That is, if 

we are to solve the coordination problem among these {informationally) dispersed players, 

we must detennine what signals should be passed among the participants and the fonn of the 

incentives to induce "truthful" signals. It is this question that we investigate next 

A Model of Space Station 

In this subsection we will develop an economic modei of space station in which the 

variables described in subsection D are related across time and conditions for optimality are 

derived. With the results of this model we can point out areas in which decentralized pricing 

mechanisms can be used to help in the coordination problem. Again, while our discussion 

will center around the space station problem, the model developed here is applicable to any 
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production process in which there is considerable uncertainty about the level of outputs/costs 

or in which current decisions have a significant effect on future choice sets. 

In order to consider the effects of uncertainty and market organization, we will 

incorporate the structure developed by Habib-agnbi, Porter, and Quidc (1985) into a three 

period model with uncertainty. We shall make general comments concerning the structure 

of the functions as they are introduced. 

Space station will be supplying services in an integrated system. That is, space 

station will be composed of many subsystems (e.g., manned subsystem, truss, logistics, 

environmental control, propulsion, power, data, etc.) which require inputs from each other to 

operate. Thus, space station subsystem services can be described as a nonlinear input-output 

model. To further complicate this input-output structure, space station is a pioneer project 

with many new and untested attributes and as such the performance (net outputs) of the 

system will be uncertain. 

Let Xi denote subsystem gross capacities an" Vi subsystem design parameters for 

i = 1 ..... n. The utilization of other subsystems by subsystem i is given by 

(1.1) 

where w is a random variable and yi is the vector (yi •...• y~). If the subsystems were 

related by fixed linear coefficient technology, (1.1) could be written as Y = AX where Y is the 

n x 1 matrix of internal use of subsystem outputs, A is the n x n input-output coefficients 

and X is the n x 1 matrix of subsystem capacities. 

Let Zi denote subsystem inputs and C i subsystem costs. Then, the cost and 

production relations are given by: 

c =:E Ci(Zi, Vi, w) 
i 

(1.2) 
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(1.3) 

As for the production end of station subsystems, the unique nature of space station requires 

that a substantial portion of construction input will be in the fonn of design, development, 

testing, and evaluation (DDT&E). For each subsystem, the DDT&E component of costs 

tends to be subadditive due to the nonrecurring nature of the DDT&E inputs (duplicating the 

subsystem). Furthennore, ground support facilities are likely to provide for economies of 

scope via the use of common facilities and techniques (This was clearly the assumption used 

in describing the Shuttle operations as an environment in which per-unit costs fall as the 

number of launches increases (both short-run and long-run). See the CBO study (1985). 

However, the actual extent of cost subadditivity over net outputs cannot be pinpointed since 

increases in integration and management effort associated with large and complex systems is 

not easily detennined. 

The dynamic or growth considerations for space station capacity and operations 

adjustments are constrained by su'</sumtial time lags. Specifically, expansion or 

reconfiguration of subsystems cannot be done quicldy; planning and implementation will 

probably require several years. Furthermore, expansion will not be supplied in a continuous 

fashion: capacity changes will come in lumps. Once a level of capacity has been installed, 

the capital costs will be sunIe Thus, not only is capacity expansion noninstantaneous; it is 

reversible only at a significant cost. We will introduce this property beiow as design 

flexibility . 

Space station costs are characterized by large capital and development costs. 

Furthennore, the interrelationships among the subsystem implies that the cost function over 

net outputs will not be additive. The operations costs for space station subsystems are 
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defined by substantial fixed costs in the short-run. In particular, once a station design is 

selected, many subsystem operations such as resupply and groUnd processing are essentially 

fixed. For the case of the Shuttle operations cost, it is estimated that between one-half to 

two-thirds of the costs are fixed; see CBO study (1985). 

For example, resupply/logistics can be modeled simply as the fixed per period 

ground support and maintenance costs - Co + transport costs. If we let SC (c ) denote the 

number of shuttle flights to supply conswnables c (lbs. and volume) and S,. (h) the number 

of shuttle flights to remove waste level h then transport costs are given by 

p . max [SC (c), Sh(h )]; where p is the cost of a shuttle flight. Of course, c and h are 

functions of direct payload requirements, subsystem operations, and maintenance levels. 

Thus, subsystem cost C i and overall cost C can be described by Co + g (x) where 

v g (x) . x < g (x). 

Continuing our model construction we let ui • i = 1. ... , n denote subsystem net 

capacities. and qi denote user j 's service consumption of subsystem i; then 

(1.4) 

(1.5) 

where u = (u 1, ••• , un). qi = (q{. ... , q1), X = (X I, ••• , Xn) ;::: 0, and user service 

consumption is in tenns of subsystem stock units. Now, suppose we have three time periods 

t = 0, Ct, 9, such that at t = 0 initial values of Xi and vi are chosen and w is unknown, i.e .• an 

initial station is built under uncertainty. At time t = a, w is ImO\1,!Il and initial services are 

allocated among users. Finally. at t = 9 choices for a growth station are made; these choices 

are increments to initial gross capacities. M i
, and redesign choices Vi. Thus. the constraints 

at 1= 9 are 



yi =Ai (Xi +!J.Xi , Vi, w) 

Ci = Ci(ii, Vi, w) 

ii =Ei(Xi +!J.Xi,Vi,W) 

U = X + !J.X - 1: yi 
i 
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(1.1') 

(1.2') 

(1.3') 

(1.4') 

(1.5') 

where w is fixed (known) and seIVices are to be allocated among users. To summarize, the 

model presented to this point is basically a nonlinear input-output system in the subsystem 

components that make-up the space station production function. However, at the design 

stage (t = 0) the actual costs and capacities available during operations (t = a) is unknown. 

It is clear from our description that a decentralized design process among subsystem builders 

has associated with it a complex coordination problem for obtaining an optimal system 

design. 

To introduce the notion of station flexibility, let us suppose that the costs and 

subsystem interrelationships at t = a are linked to capacity and design decisions made at 

t = O. That is, for every pair (X, v) chosen at t = 0 there is an associated flexibility factor 

f (X , v) which enters into the functions Ci , Ei , and A i at t = a. Thus, under flexibility the 

t = a constraints become 

yi = Ai (Xi + llXi , vi, W, f (X, v» 
ci = Ci(Zi. vi. w.f(X. v» 
ii = Ei (Xi + !J.Xi , vi, W ,J (X , v» 
u = X +!J.X - :E yi 

j 

(1.1") 

(1.2') 

(1.3') 

(1.4') 

(1.5') 

where w is known and seIVices are allocated among users. The introduction of flexibility 
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into the equations above allows us to differentiate various cases for the t = 0 decisions. We 

shall assume that the more flexible the station is, the smaller the corresponding 

iI· . f b d . . . aA i aci d aEi 0 crossut lzation 0 su systems, costs, an mput reqUIrements, I.e., af ' af ' an af < . 

The only way to "take advantage" of flexibility in this model is in the t := a period when 

capacity expansion decisions are to be made. If ~ > 0, then this would be equivalent to a 
ax' 

case ofleaming-by-doing, while if af, < 0, then we shall suy we have a case of capital 
ax' 

irreversibility. From this fonnulation we see the dynamic nature of the decisions in our 

model. For example, the more uncertain is the level of future demands, a case of capital 

irreversibility (along with increasing long-run marginal cost) would suggest building a 

smaller station at t = O. 

Now,let us fonnulate the problem we are considering and detennine what is 

required for an optimum. 

Let b i (qi) denote user j 's per period benefit function of consuming qi units of 

station resources. We will not be discussing possible externalities among payloads such as 

isolations from vibrations (low net acceleration environment), astronomical viewing 

(absences from rotational acceleration), or synergistic effects of specific groupings of 

payloads in our model. Furthermore, payload schedule and development uncertainty along 

Wiili budget constraints are assUiued to be incorporated into the m."1ction bi ().For 

convenience let us assume that the subsystem cost functions Ci are not per period, i.e., the 

amount C i is nonrecurring so that Ci is paid at time t := 0 and t = e (no operations cost or 

fixed operations cost for a range of capacities and designs). Thus. the present value at t = 0 

of the per period benefits starting from t = a is l.e-roDi (qi ) where r is the discount rate. 
r i 
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Next, for the present value of benefits up to time t = 0, we get 1.. "'£b i (qi ) - .!..e-r '1,:b i (qi ). 
r i r i 

For the nonrecurring subsystem costs, at t = 9 the present value of costs are: 

~:e-r9 6; (2; . v; • w ) - e-r9l:C; (Z; • v; • w ); and at t = 0 the present value of costs are 
; ; 

I:C; (Z; • v; ,w). If our objective is to choose X; , v; ,11X; , v; ,qi and qi to maximize net 
; 

(expected) benefits, then, for efficiency we must solve 

maximize Ew { 1.. (1 - e-r~ 1: bi (qi) + 1.. e-r9 :E bi (qi) 
x.II,t.X,~,qJ,4J r i r i 

- I: (1- e-r~ C;(Z;, v;, w) -1:e-r9 6;(2;, vi, w)} 
; ; 

(2.1) 

subject to equations (1.1)-(1.5) and (1.1,)-(1.5,) or (1.1'')- (1.5',), where Ew is the expected 

value operator. 

To obtain an optimal solution to this problem we first solve the problem at t = 9, 

talting the t :::: 0 decisions as given, and then proceed to solve the t :::: 0, a. problems. In order 

to solve the t = 0 problem to follow, we shall make use of an envelope theorem-dynamic 

programming equivalence. More formally, suppose at £ == 9 we want to solve 

maximize F 9(X; 'l') 
x 

subject to 

where X is a vector of choice variables and 'l' is a vector of (fixed) parameters. The solution 

to the above (using the implicit function theorem) will in general be a function of 

'l'; X· = X· ('l'). Now, define M ('l') = F 9(X· ('l'),'l') and suppose we can partition 'l' as 

'l' = ('l'l' 'l':0 where 'l'1 are choice variables at t = O. Since 'l'2 are (fixed) parameters at t = 0 
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and t = 0 when we work. backwards to solve the t = 0 problem the optimization becomes: 

maximize FO('l'I; 'l'~ + e-rO[M (1.1')] 
'VI 

subject to 

Thus, the first order conditions will include the tenn ~1 M ('l'). 

Now, since 'l'1 is a parameter in M (-) we can apply the envelope theorem to deduce 

Differentiating the constraint hO(X· ('l'); 'l')=O by 'l'1 we obtain 

where 'A. is the Lagrangian multiplier. The first order conditions at t = 0 are 

aF9 = -'A. ah 9 
V i 

aXj aXj 

Hence, adding (2.3) to (2.2) we find 

However, using (2.4) in the above we find 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

Thus, when we select 'VI at t = 0 we can ignore the direct effects of '1'1 on the t = () decision. 

This condition will eliminate some of the manipulations needed to solve our t = 0 problems 
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to follow. 

We will now present a series of cases based on various supply environments to see 

what is necessary to obtain a solution which is consistent with economic efficiency. 

Cost and Net Output Uncertainty without Flexibility Problems 

We shall now investigate the effect of cost and net output uncertainty on the price 

signals to be supplied to players in our model. 

Suppose we would like to solve (2.1) subject to equations (1.1)-(1.5) and (1.1')-

(1.5'). Working backwards, at t = a, w is known and thus the problem becomes: 

subject to 

j 

where A (X +!1X, v, w) == LAi(Xi + flX i, vi ,w). 
i 

j 

If L represents the Lagrangian of the above problem then the first order conditions yield: 

oL . 0 0 0 -0 =-C'i Eo!i - c.! -rr A.i = 0 V i ov' z v v V 

;~ = (Xi +!1Xi _Ai(Xi +Mi,vi,w)-I;Ai)=O V i 
J 

where i is the irh Lagrangian multiplier corresponding to the ill, element of the vector 

constraint. Rewriting (3.2a) and (3.3a) in matrix form we have: 

(3.1a) 

(3.2a) 

(3.3a) 

(3.4a) 
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Cz Ex = 1t(1 -Ax) (3.2'a) 

and 

-Cz Ev - Cv = 1tA" (3.3'a) 

where Ax and Av are diagonal matrices with diagonal elements Ax It Av/' Equation (3.2'a) 

implies that 1t = Cz Ex (I - Ax )-1 , i.e., 1t is the vector of long run marginal costs. Equation 

(3.3'a) shows that the marginal cost with respect to subsystem design parameters must equal 

the negative of long-run marginal cost times the marginal cross utilization matrix with 

respect to subsystem design parameters. This is the classical result of setting prices equal to 

long-run marginal cost. Thus, for the growth decisions of the station these prices could help 

coordinate subsystem design and growth decisions (see remark 4). 

Remark 1: The t = 9 problem assumes that no qi has been contracted for in some previous 

period. Thus, the model assumes no forward (futures) market is conducted for I} allocations. 

Remark 2: The t = 9 solution requires information about bi (-) V j, Ci (.), Ei
(.), and 

Ai (.) 'if i. If such information is dispersed, an iterative (market) process could be used. In 

order to elicit the optimal I}i responses, prices equal to 1t (long-run marginal cost/unction) 

should be charged for services. This follows since: 

or 

1 . . 
- b'· (I}') = 1t r 4J 



which is equivalent to (3.1a), i.e., prices equal to 1t yield optimal (system) qi choices. 

Remark 3: If 1t is charged for growth services, !iX. must be chosen so that 

Ij = L Iji ~ X + !iX. - A (X + !iX. , v, w). If A can be written as A (X +!iX.) and is linear, then 
i 

Ij ~X -A(X)+!iX. -Ax!iX. 

or 

Ij ~ II + (/-Ax)!iX. 

and 

!iX. = (I - Ax )-1 (Ij - ll) . 

Note that if II > q then it follows that !iX. < 0, i.e. contraction of installed capacity is 

required. However, this contraction has cost consequences if there is some degree of 
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capacity irreversibility (or sunlc cost). Furthermore, if we suppose that the Ii are unknown at 

t = 0 then the role of flexibility needs to be incorporated in the analysis above. This will be 

presented in parts 3 and 4 of this subsection. 

Remark 4: If the subsystem i designer lrnows Ei(.), CiO, and Ai (.) only, a decentralized 

design process using 1t as internal prices (see Porter (1985» can lead to optimal design 

choices at t = 9. Thls could be accomplished as follows: I1Xi is proposed as an addition to 

gross capacity and a set of prices P = (PI' . .. ,Pn) are posted which describe how much 

subsystem designers must pay for the additional use of other subsystem services. Thus, if 

each subsystem designer attempts to minimize his direct plus indirect costs of capacity 

expansion he would solve: 
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and reports C~i and A~i' Then the next round of prices and capacity additions are 

detennined by 

Pi = C~i and I:lX = (I - Ax r 1 (4 - u) . 

The first order condition in the subsystem minimization is 

Hence, in order for the process to stop (stationary point) 

Thus, p = Cz Ex + P . Ax, which implies 

p = Cz Ex (I - Ax )-1 = 11: • 

Hence, (3.2'a) and (3.3'a) are solved in this process. Note, however, that in order to obtain 

the optimal/lX choice, information concerning Iji is needed. Thus, demand information 

must be simultaneously acquired to obtain an optimal system solution. This is equivalent to 

the Dantiz-Wolfe decomposition solution for subsystem designers. Cohen (1980) has 

developed a deSCription of wI. incentive compatible iterative procedure for this type of 

decomposition problem. 

Moving next to the t = a problem, w is known and Xi , Vi have been chosen. Thus, U 

will be known and must be allocated among the users. Since the allocation at t = a does not 

affect the growth decisions, the problem becomes 



subject to 

where 

l:qi $U(X,V,W) 
j 

{

X-A(X,V,W) if ~O 
u (X , v, w) = 0 otherwise. 
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Remark 5: The above allocation assumes knowledge of b j (qj) 'if j. Hence, the design of a 

resource allocation mechanism requires providi.'1g incentives (?rices) to allow for the 

"revelation" of this information for initial allocations and eventual reallocations. 

Remark 6: If L qj = q and X, v were chosen simultaneously before w became known, it is 
j 

possible that q > X - A (X , v, w) and thus some contingent reallocation scheme would be 

needed. Thus, in the above it is assumed that no contracts for qj were made prior to the 

revelation of w. An obvious question is the design of contingent contracts prior to w that 

may help in determining the X, v choices to be made at I = O. We discuss this next. 

Thus, at t = a, the capacity and design decisions of X, v at t = 0 must be allocated to 

individual demanders. It is at this stage that important pricing decisions come into play. As 

we shall see in our I = 0 problem to follow, information concerning demands for different 

realizations of w (and thus U) will be needed .. If contracts (dema.'1ds) are signed at t = 0 

which are contingent on the actual outcome of w at I = a, we would have specified a 

complete set of contingent contracts in our model. This form of contracting assists in 

gathering demand information at t = 0 that explicitly considers the fact that output may be 

different than anticipated. An alternative form of contract which does not require a complete 

enumeration of contingent states for each realization of w (and its verification) is a priority 
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contract. This fonn of contracting explicitly considers the curtailment procedure in the case 

of scaled back supplies. We shall investigate this fonn of contracting and its effects on 

payload designs in section III. 

In the context of our model, let B (u (X , v, w» equal the value of max H, i.e., the set 

of optimal contingent plans. Then, at t = 0 the problem becomes: 

maximize T· = e", {B (u (X, v, w» + .1 e-r9 '£ bi (qi (X, w» - (1- e-r~ l: ei (Ei(X i , vi, w), vi, w) 
X,II r i i 

-e-r9 l: eK(EK(XK + MK(X, w), v(X, w), w), vK(X, w), w)} 
K 

where M K (X, w), v (X , w), qi (X, w) are the optimal values from the solution at t = a, and e", 

is the expected value operator. 

The first order conditions yield: 

aT~ {B 1 -r9 '£ hI' Ai (1 -r9) e i Ei --, = P 'IL,' + - e J' q ,- - e I' ax' "'W ,,""X" r ,11 X" z X" 
J 

-r9", [e[( EK I e K E[{ X l( CK EK A[{ e K VAl(]} - 0 
- e /.. ZIC Xi i + zll: xll: Xi + zll: vIC VXI + oil: Xi -

K 

Using our result (2.5), (3.Sa) can be written as 

where the second tenn is evaluated at (Xi, vi, w) and the last tenns are evaluated at 

(Xi +!iJ(i, vi, w). But (3.2a) implies 

This, along with UXi = (I-AXi ) gives 

(3.5a) 

(3.6a) 
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Thus, pricing at expected long-run marginal cost will not produce optimal allocations since 

B u i enters the equation along with Ew (1 - Axi)' That is, in order to determine the optimal 

capacity X to design at time t = 0, one requires information about the losses/gains in surplus 

from adapting to changes in the contingent plans B i. In other words, B i measures the 
u '" 

willingness to pay for more reliability (a larger net output) while (1 - Axi ) supplies the 

transformation of gross outputs to net outputs in production. Thus, the quantity B u i (1 - Axi ) 

provides the marginal benefits of increased reliability of more capacity Xi while the second 

part of the previous equation is the marginal cost of increased reliability. The priced 

charged for increased reliability via contingent or priority contracts would provide 

information as to the marginal benefits of this equation. Similarly, for the design variable Vi, 

we obtain an analogous equation for oT~ : 
ov' 

oT
O 

{B (1 -r9) Ci Ei Ci )} 0 --.=1'" ·u·- -e .. + 1=' ov' """W u' v' Z' v' \I 

But u ·=-A . 
'yl v" 

Hence, we obtain our first order conditions which will allow for the cOirputation of the 

initial X and v values which imply the llX and v responses. Tnus, we have seen in ihis 

(3.7a) 

(3.8a) 

subsection that the introduction of net output uncertainty requires contingent or priority 

contracting to assist in the coordination of t = 0 capacity and design decisions, in addition to 

payload design decisions. The use of these form of contracts can supply the proper signals 

to payload designers to self insure via their own design and operations. Furthermore, the use 

of these contracts can smooth out the replanning process when curtailments are necessary. 
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In . I I aT· d aT· 0 "nfi' . th fu . partIcu ar, to so ve --. an --. = reqUIres 1 ormatIOn concernmg e nctIOns 
ax' av' 

Bu , Axi' C~i E~i' Hence, the question becomes how to structure a decentralized mechanism 

to produce the responses needed to solve the above problem. 

It is clear from the remarks above that in order to solve for the optimum, substantial 

demand and cost information is required. Furthermore, the introduction of net output 

uncertainty yields the following: 

(i) Long-run marginal cost pricing (cost-based pricing) does not lead to efficiency, and 

(ii) Contingent or priority contracts are needed to assist in initial payload designs and 

rea110cations when supply is restricted. 

In section ITI we will discuss and examine a process to allow for allocations in this 

environment. 

Cost Uncertainty without Flexibility 

As we noticed above, the t = 0 expression to be used to construct "prices" for services 

involves the complicated terms Bu i and expectation over Axi ' Suppose, however, thatAiO is 

not a function of w, i.e., suppose we have no net output uncertainty. Then, at t = e we will 

obtain the same conditions since w was assumed known, i.e., expressions (3.1a)-(3.3a) hold. 

At! = 0 we can solve simultaneously the qi allocation problem and the capacity (X) and 

subsystem design (v) problem since it is not possible to have ::E qi > X - A (X , v) due to 
i 

uncertainty. That is, we have no need to determine contingent reallocations or priorities due 

to curtailment from uncertain outputs. Thus, at t = 0 we solve: 



subject to 

-I: CK(EK(XK + A)(K(X, W), yK(X, W), W», yK(X, W), W)]} 
K 

,,£qi!;,X -A(X, v). 
i 
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If T represents the Lagrangian of the above problem then the first order conditions are: 

(3.1b) 

(3.2b) 

(3.3b) 

Using our familiar envelope theorem - dynamic programming equivalence - the 

bracketed tenn in (3.2b) vanishes. Thus, we obtain 

If users are charged ~ for services (net capacities), they will attempt to solve: 

1 . . - . 
maximize - b l (q/) - 'A ql . 

qJ r 

The first order condition is: 

1 . -
- b l J = 'A 'r/ j . r q 

- 'A 
Thus, to recover (3.1 b): 'A = !h • 

(l-e-r ) 

But (3.2'b) => 'A= (1- erO)(I -Axrl . E ... {Cz Ex} so that 

(3.2'b) 
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Hence, at t = 0, if there is 1W net output uncertainty then prices should be set equal to 

expected long-run marginal cost. This is a classical result familiar to all economists and it 

contrasted to that found in the previous subsection. In particular, we can rely on a cost-

based price in this specific case to guide decisions. 

We note that if prices are set equal to expected long-run marginal cost that costs will 

not be covered (in an expected sense) given the structure (subadditivity) of our cost function. 

Furthennore, since ~ is a function and unlikely to be constant, an iteration between station 

management and users will be needed. In particular, management posts prices, users return 

demands, management posts new prices, and so on until an equilibrium is found. Without 

such iteration, posted pricing may result in less than efficient operation, utilization, and 

design. 

Cost Uncertainty and Flexibility 

We now address the question of the direct effect of period I = 0 capacity and design 

decisions on period I = 9 expansion decisions. In particular, suppose we have no net output 

uncertainty but we introduce flexibility via our constraints (1.1 ")-(1.5',). Now, at I = 9 the 

maximization problem becomes 

1 .' ... ., . 
m~imize L - bJ(ii') -:E [C'(E'(X' + t;X', v', w,/(X, v»,';', ... .',f(X, v» 

4J.tlX.v j r j 

subject to 

'LA j ~X + AX -A(X + AX, v,J(X, v». 
j 



If L represcnts the Lagrangian of the above problcm then the first order conditions are: 

~ = X + L\X - A (X + L\X. V. w.J (X • v» = 0 

(3.1c)-(3.4c) imply 

Iji =ljj(x.w,/(X.v» 

llX i =Xi(X. w,/(X, v» 

vi = vi(X, w./(X. v». 

Now. for t = 0 the maximization problem becomes 

maximize E.,,{(l- e-r~(.! '£ bi (qi) -:E Ci(Ei(xi. vi. w). Vi. w) + 
qiJ(.II r j i 

e-f'O[.!1:b i (lji(x, w.J(X .v» -:t CIr (EIr(XIr +/lXIr(X, w./(X. v». 
r i K 

vIr (X. w. / (X , v». tV.J (X , v». vIr (X, W .J (X , v», w ,/ (X , v»]} 

subject to 

'£ qi ~ X - A (X • v) . 
i 

Using our results from (2.5) and (3.2a) the bracketed terms above have the property: 

If T represents the Lagrangian of the above problem the first order conditions are: 
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(3.1c) 

(3.21.:) 

(3.3c) 

(3.4c) 



ar (h , -, = (1- e-r ) b l } = A 
aql q 

a~ = ~ .. {(l- e-rO) C~i E~i + e-rO fXi[i AI + Cz EI + C/ ]} = Ai(l-Axi) 

aa~ =~{(I-e-r!)Czii Eii + C i;}+e-rOf i[i AI +Cz EI +C/]}=-AiA i. 
V' \I \I \I \I 

Again, from (3.Sc) we can see that we should charge A o. But, from (3.6c) 
1 -r -e 
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(3.5c) 

(3.6c) 

(3.7c) 

Thus, by introducing flexibility into the model without net output uncertainty, we see that a 

charge (capacity commitment charge) must be added to expected long-run marginal cost. 

Under the conditions of capital irreversibility, i.e., f Xl < 0, the capacity commitment charge 

at t = 0 will be positive (given 7t > 0 and Cz > 0). We note that the case oflearning-by- doing 

results in a negative capacity commitment charge. Thus, in order to make demanders at t = 0 

responsive to their effect on t = (:) decisions, a charge should be assessed on t = 0 demanders 

equal to the above determined capacity commitment charge. 

Cost and Net Output Uncertainty with Flexibility 

If we consider flexibility along with net output uncertainty then, of course, we have a 

t = ex allocation problem again. In this case the t = e conditions are the same as (3.1c)-(3.4c) 

except for an extra w variable entry. The t = 0 problem then becomes 

e-rO [1. ,,£bi(qi(X, w,J(X, v») - L CK(EK(XK +l1X1(X, w,/(X, v», 
r i K 

v(X, w,f(X, v», w,f(X, v», VK(X, w,J(X, v», w,J(X, v»]}. 
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Again, using our (2.5) and (3.2a) results we can obtain the first order condition 

and 

Thus, we find an extra tenn as compared to the conditions found in part 1. The solution 

requires a substantial amount of infonnation concerning benefits cost, perfonnance, and 

flexibility. Hence, a simple (cost-based) posted price mechanism will not suffice. 

To summarize, we have provided a detailed economic model representing the major 

features of the space station environment. Within the context of this model, we have 

demonstrated that cost- based pricing (posted long-run marginal cost) will be inefficient if 

either output uncertainties or capital irreversibilities are present. Since a major feature of 

pioneering technology projects are their reliability in delivering their rated capacities, we 

must search for alternative pricing methods for allocating resources for space station. In 

particular, in the remainder of this study we will supply various mechanisms that will assist 

in the coordination problem for space station and related environments. 

Prologue to Institutions and Experiments 

We now tum our attention to the development of pricing institutions to help solve the 

allocation problem developed in the last subsection. Recall that the goals we would like any 

institution to achieve in the space station environment are the recovery of costs and the 

efficient utilization of resources. We shall first discuss the environment with substantial 

(fixed) common costs so that prices set equal to marginal cost will not cover cost. That is, 
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suppose we are considering an environment described under I.D.2. above in which efficient 

allocation requires prices equal to expected long-run marginal Costs but these prices will not 

lead to cost recovery. This. of course. is exactly the issue found in public utility regulation 

or pricing for "natural monopoly" environments. In public utility pricing. one finds such 

concepts as "fully distributed" cost pricing or. in the case of the Shuttle. average cost pricing 

(for a description of cost-based pricing concepts for the Shuttle. see CBO study (1985». 

Both of these policies will lead to inefficiencies. 

To solve this cost recovery problem while maintaining efficiency (second best). it is 

sometimes suggested to use Ramsey pricing. However. given the limited demand 

information available. such a pricing scheme is not possible. Both Baumol. Panzar. and 

Willig (1984) and Sharky (1984) note that this common cost (or fixed cost) problem is 

identical to the typical public goods problem since the fixed cost must be covered in the 

aggregate. Recently. Ledyard (1984) suggested using a public goods auction institution 

developed by Smith (1979 a. b. 1980) to solicit hook-up charges while maintaining the 

effiCiency properties of long-run marginal cost To see how this is to work. suppose the cost 

function of a private good X is given by: 

C(X)=Co +aX (1) 

where Co and a are positive scalars. Now. if the price of X. (P" ). were set equal to marginal 

cost. (a). then the "project" would always suffer a deficit of Co. In order to promote 

economic efficiency. we require a lump sum charge bi • i = 1 •.. .1 from each consumer 

(participant) in addition to P" = a per unit charge such that l: bi ~ Co and the bi are 
i 

voluntarily submitted. 



Suppose that individual preferences are quasi-linear (no income effects) and the 

willingness to pay for individual i = 1, ... ,1 is given by: 

Bj =Bj (Xj) 

Since X is a private good, we have: 

LXj=X 
j 

If individual i were given the opportunity to purchase units of X at a price of P % = a , he 

would choose xt such that Bj (xt ) = a. Thus, his net valuation at P% = a is: 

Vj =Bj (X;,,") - aXj 

Optimality demands that the lump sum charges bj i = 1, .. .1 satisfy: 

and 

V i 
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(2) 

(3) 

(4) 

(5) 

(6) 

That is, we must have voluntary participation and enough surplus to cover cost. In order to 

obtain the bj , a public goods allocation mechanism is suggested. We note however that 

when marginal cost is not constant, the process must be iterative; but this will not lead to 

demand revelation since individuals now may affect their price through their demands and 

the marginal cost function. 

We will present an experimental analysis of a Smith Auction in a repeated game public 

good environment in section II. 

In section III, we will consider the environment described in 1.0.1 and the use of 
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mechanisms which may lead to efficiency. We recall that such mechanisms should be 

demand-based and posted marginal cost pricing will most likely be inefficient The 

experimental design will focus on the problem of fitting demands into fixed capacity 

constraints which are uncertain. One possible solution to this problem is the creation of 

contingent contracts for each possible state and a combinatorial auction to find the optimal 

allocation. We shall consider the use of priority contracts (and contingent contracts) along 

with "iterative" processes to solve this allocation problem. We opt to consider the use of 

priority contracts due to the large number of states (contingencies) for space station and 

verification by parties involved. In addition, the iterative processes that are investigated were 

considered due to probable information difficulties in submitting entire demand surfaces 

(Banks, Ledyard and Porter (1986)). 



AN EXPERIMENTAL ANALYSIS OF PUBLIC GOODS PROVISION MECHANISMS 

Several theoretical solutions to the public goods problem exist in the literature. (See 

Groves and Ledyard, 1985, for a review.) Recall that our operating assumption has been that 

a mechanism that reliably solves public goods problems can be adapted to solve common 

cost problems. Unfortunately, very little is known about the behavioral properties of such 

mechanisms. Most of them have been subjected to no experimentation at all. The most 

promising mechanism, based on the existing experimental evidence, is a mechanism 

designed by Vernon Smith (1979a,b; 1980). Even though the theoretical aspects of the 

Smith process are not fully understood, the previous experimental evidence is that the 

mechanism can be used to solve public goods problems with a high degree of reliability and 

efficiency. If the Smith process or some "variation of it is indeed a reliable method of solving 

the public goods problem, then it or a suitable modification of it might serve as a foundation 

for solving common cost aspects of space station pricing problems. Theory suggests this 

possibility and Smith's previous experiments are corroborative. 

The research strategy reported in this section is to investigate the reliability of the 

Smith process under the most difficult parametric conditions (economic environment) that 

have been reported in the literature. For some unknown reason certain public goods 

environments are "easy" in the sense that several processes manage to generate near optimal 

amounts of the public good while other environments are difficult in the sense that tested 

processes generate ncar zero levels. The strategy was to first test the proposed processes 

within a difficult environment. The most difficult environment explored to date was 

45 
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developed by Isaac, McCue, and Plott (1985). A direct contribution process that has worked 

reasonably well in other environments, (Smith 1979b), was shown to lead to near zero levels 

of public good provision. If the Smith process or some slight variation performed well in 

this environment, the stage would be set for further development and experiments with the 

Smith process. 

As will be outlined below, two variations of the Smith process were studied: one 

with a unanimity provision and one without the unanimity provision. As a control a direct 

contribution mechanism with unanimity and without unanimity was also studied. The 

economic environment was the one developed by Isaac, McCue, and Plott. 

Initial expectations based on previous experiments were that the Smith process with 

unanimity would produce decisions near 100 percent levels of efficiency. It was further 

suspected that removal of the unanimity provision would cause substantial reductions in 

efficiency. Both expectations were proven incorrect. After presenting those central results 

that were relevant to the initial purposes of the experiment, subsection E continues by 

presenting ex post analysis of the reasons for the unexpected results. The section concludes 

with some analysis of choices and strategies at the individual level of analysis. 

The Decision Mechanisms and Parameters 

The experimental task presented the subject was to collectively provide a public 

good using one of the four mechailisms to be described below. Each subject was given a 

payoff function expressing personal reward from various levels of the public good, q, before 

any payments for the provisions of the good. Two functional forms were used. 

UJ~ (q) = 44 - 1.1q (in cents) (high payoff) 

or 
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V~(q)=27.6- O.8q (in cents) (low payoff) 

thereby yielding two types of agents. Instead of the actual functional form the subjects were 

given the discrete approximations given in Figures 2 and 3. There were five agents of each 

type. In all the Smith process experiments the experimental medium was francs in that all 

bids were in francs while all but one of the direct contribution experiments used cents. Each 

individual was privately given a personal dollar/franc conversion rate. 

Since the variable q is common to all payoffs, it is a public good. Subjects were told 

that the good would be provided at a constant marginal cost of 130 cents per unit. The task 

was to use the decision mechanisms to choose both a quantity and an allocation of the 

common cost among themselves. As shown on Figure 3 the optimal quantity is any amount 

in the interval (23,24]. 

The decision was not made only once. The process of deciding, paying, and being 

paid was called a period. Each experiment consisted of several periods. Thus, decisions 

were replicated several times by each group so that the effects of replication and/or 

experience could be assessed. 

Four different mechanisms were used. The basic mechanisms were either direct 

contribution or the Smith process. Each was studied with and without a unanimity feature. 

Direct Contribution without Unanimity (DC). At the beginning of a period each agent being 

fully aware of his/her private payoff function, chose a level of personal contribution bi • 

These decisions were privately transmitted (slips of paper) to the experimenter who 

10 10 
computed 'Lbi' The quantity, ~bi/130t= I}, was then calculated and announced. Each 

i=1 i=1 

individual then calculated Vi (I}) - bi = 1ti' where Vi (q) is the payoff function for i and bi is 
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the contribution of i. The amount, 1tj, was the profit for individual i during that period which 

was his/hers to keep. In brief, the individual's contributions are collected and were all used 

to purchase units of the public good. The return to the individual for that period was the 

value of the public good provided minus the contribution. 

Direct Contribution with Unanimity (DCU). Each period of the process consisted of a series 

of up to five trials (the first period had ten trials). The direct contribution process was used 

as described above up to the calculation of 1tj. After calculating 1tj a ~ote was taken. If it 

was unanimously affirmative, each agent was paid 1tj and the mechanism proceeded to the 

next period. If one or more no votes were registered, then no payments were made and a 

new "trial" was initiated in which agents could tender new bids. If no unanimous agreement 

was attained after five trials, no payment was made for that period and the next period was 

started. 

Smith Process without Unanimity (SP). Each period consisted of a series of trials. At the 

beginning of a trial each agent chose a 2-tuple (bj ,qj), which was privately transmitted to the 

10 10 10 
experimenter. The quantities, I:bj and 1/10 "'Lq; = q were computed. If "'Lb; ~ 130t, then the 

;=1 ;=1 ;=1 

profit for each agent, i, was 1tj = Ui (q) - bi q, i = 1, ... ,10. If 'J:.bi > 130t, each agent received a 

rebate of the excess (The rebate is bi (1 - !!.O ). With q decided and each person paid, the 
1 .. .0; 
; 

period was ended, and the experiment moved to the first trial of the next period. If 

"fA < 130t, then the provision level was 0 on that trial. The mechanism then moved to the 

next trial in which new choices could be made. If no trial of the five permissible resulted in 

'Lb; ~ 130t, the period ended with zero payment to all and a new period was initiated. 
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Smith Process with Unanimity (SPU). The process was identical to SP except that a vote 

was taken if 'Lb; ~ 130t That is, if ::Eb; ~ cost, then ij was announced so individual profits 
; ; 

could be calculated and then a vote was taken. If the decision was unanimously accepted, 

then each agent received the profit (positive or negative). If the vote was not unanimous, 

then the provision level was zero, no payments were made, and the next trial began. Except 

for the first period all periods had a maximum of five trials. 

Two features of the procedures/process are worthy of special note. First, in SP and 

in DC where real possibilities of losses existed, subjects were given five dollars working 

capital at the beginning of the experiment The failure to provide this working capital in the 

two cases where unanimity operated was a design error that forces the inclusion of the 

capital payment along with unanimity itself as a treatment variable. Of course theoretically 

the capital payment should make no difference since it was a lump sum grant at the 

beginning of the experiment and subjects were never in a situation in which they needed to 

speculate on whether or not the experimenter would (or could) take money from them. 

A second feature involves a restricted message space. Bids could never be negative 

, i.e., b; £ [0,00). This feature differs from Smith (1979a) but not Smith (1979b, 1980). In the 

Smith processes the messages about quantities were restricted to tenths and q; £ [O,ll;] where 

_ 40 if i is in high group 
q; = 

34 if i is in low group 

Smith's research (1979a,b 1980) led to broad conclusions relevant to the research 

reported here. 

(1) In periods in which an agreement was obtained, the Smith process (SPU) results in 
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quantity levels of the public good that do not differ significantly from the theoretical Lindahl 

optimum. 

(2) Final bids submitted by participants were not demand revealing (Smith 1979b, 1980). 

However, Smith (1979a) found support for demand-revealing (Lindahl bids) behavior. 

(3) The direct contribution process with unanimity generated levels of public good choices 

that were not significantly different from those generated by SPU. 

The situation studied here differs from that studied by Smith in several potentially 

important ways. Any of these could account for the differences with Smith that we report. 

(1) Smith used different payoff parameters. His lltility functions permitted income effects 

while ours are additive. 

(2) The difference between the free-rider and Lindahl quantities was less in in Smith. His 

free-rider quantity was three units and the Lindahl quantity was nine. Ours were zero and 

twenty-three respectively. 

(3) Smith's experiments primarily involved only one choice for which the groups were paid 

but some of his groups were asked to participate in a second period. Our experiments 

involved several repetitions of three to nine periods. 

(4) The Smith (1979a) met.l]od ofputt.Ll'!g the unanjmity process into operation was different 

from ours. For the Smith process the Smith experiments had all subjects report the same 

level of the public good twice and the same (cost covering) bid twice. In ours a vote was 

taken whenever cost was covered. Our method of implementing unanimity is the same as in 

Smith (1979b, 1980). 
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Let us now consider the models developed and analyzed in Banks, Plott, and Porter 

(1986) so as to determine testable hypotheses of system performance and individual 

behavior. 

Models 

The primary research questions focus upon the reliability of the Smith process to 

produce efficient choices and the influences of unanimity. These questions are not 

motivated by theory so much as by experiences with the operation of the mechanism and by 

the overriding problem of finding a mechanism that "works reliably." Theory and models do 

have a role in providing an understanding of why the mechanisms perform as they do and in 

suggesting modifications. In this section some of the relevant models are outlined. 

The Lindahl optimum or Lindahl eqUilibrium concept has played a special role in 

the public goods literature so it is a natural concept to explore. Briefly, a Lindahl 

equilibrium in a public goods environment is a quantity qll< of the public good and a vector 

of prices (pl •... JJ") such that the marginal benefit to each individual of q"~ is equal to his 

price. Given the specific parameter values above. the Lindahl equilibrium quantity in the 

experiments is in the interval (23.24], with prices 

17.6t if i E high demand group 
Pi= 

8.4t if i E low demand group. 

The Lindahl eqUilibrium concept is sometimes thought to be a normative critedon. Game

theoretic eqUilibrium analysis generates predictions on what might happen given the 

strategic possibilities of the individuals. where an (arguably) appropriate model is that of 

Nash equilibrium or any of its possible refinements. One question we can then ask is 

whether any of the mechanisms discussed above implement the Lindahl eqUilibrium via 



Nash equilibrium behavior, that is. does there exist a Nash equilibrium to the game 

generated from the mechanism which supports the Lindahl equilibrium as a solution? 

In what follows we characterize only the equilibria in the static. "one-shot" games. 

leaving aside the equilibria of the supergames derived from tile use of repeated trials in the 

detennination of outcomes. Furthennore. we will look at only the perfect Nash equilibria 

(Selten 1975). 

Let mi be the message individual i sends. where mi consists of a bid (hi) and quantity 

(q;) for SP and SPU. and simply a bid for De and DCU. and let m = (mt ..... mn). Each vector 

m implies a vector of profits n(m) = (TCt(m) ..... TCn(m» for the individuals detennined by the 

mechanism in use. For SPU and DeU we will denote these as interim profits. Given the 

sequential nature of decision-making in SPU and DeU (Le .• sending messages. receiving 

data. and then proceeding to vote). a strategy for individual i will consist of a message mi 

and a vote function Vi (.) where without loss of generality we can let Vi (.) be a function of i' s 

interim profits. 

The elimination of weakly dominated strategies inherent in the perfectness criterion 

implies that. in a perfect Nash eqUilibrium of SPU or DeU v" (.) =.(v; (·) ..... vn (.» must satisfy. 

for all i. 

vote yes if TCi (m) ;::: 0 
vt(·) = 

vote no if TCi (m) .$ O. 

(If TCi(m) = O. i is indifferent between voting yes and no.) Thus. in a perfect Nash 

eqUilibrium. individual i cannot threaten to vote no if his intelim profits are positive; this 

threat. which is allowable under the Nash eqUilibrium concept. is a consequence of voting 

strategies such as 



vote yes if 1tj (m) ~ Xj 
Vj(') = 

vote no 

where itj > 0 is the equilibrium interim profit of i. Thus, any quantity level q can be 

supported by Nash equilibrium behavior if there exists a vector of bids b = (bl, .... b,,) such 

that all individuals earn no~-negative profits. 

Define b_j = (bl ..... bj_1,bj+l' .... b,,). and similarly for q-i' The (pure strategy) perfect 

Nash equilibrium predictions for the mechanisms are as follows: 

SP: (b".q") is a perfect Nash equilibrium if 

i) "Lb;," = 130t, lin r.,qt E [23.24). and 
j j 

• 17.6t if i E high demand group 
bj = 

8.4t if i E low demand group 

ii) '1:,bt < 130t, and for every i. 
j 

Thus, if the mechanism is SP and if costs are covered, then the (interior) perfect Nash 
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equilibria support the Lindahl optimal outcome as an eqUilibrium. However, because of the 

restricted messages spaces there exists perfect Nash equilibria where one or more 

individuals' messages are at the boundary. 

SPU: (b* ,q •• v· (.» is a perfect Nash equilibrium ifi) orii) holds, and 

vote yes if 1tj (b .q ) ~ 0 
iii) for every i. vt(·) = 

vote no if 1tj (b .q) ~ O. 

Since. at the Lindahl optimum all individuals earn positive profits. both SP and SPU 
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implement the Lindahl optimum as perfect Nash equilibrium behavior. 

DC: (b") is a perfect Nash equilibrium if 

iv) bt = 0, for every i. 

Thus, the only perfect Nash equilibrium in DC is the "free-riding" equilibrium. 

DCU: (boo ,v· (.» is a perfect Nash equilibrium if iii) holds (replacing m = (b ,q) with m = (b» 

and 

or 

v) I{i el :1ti(b")=O}1 ~2, and 

vt(b·) = yes, for every i; 

vi) there exist j such that vj(b") = no, and 

for every i, and for every b;' such that [V;(b~i,b;') = yes, for every k ¢ i], 

1ti(b:,b;') < O. 

Thus, for DCD there exist perfect Nash equilibrium outcomes with positive quantities of the 

public good. However, in these equilibria at least two individuals must be malting zero 

profits because if only one person is malting zero profits that person should lower the bid. If 

there is no allocation then it must be the case that no individual can (profitably) change 

his/her bid a.."1d induce others to bid yes. Hence, neither DC nor DCU implements the 

Lindahl optimum via perfect Nash eqUilibrium behavior. 

Experimental Design 

Subjects were recruited from Pasadena City College (PCC) and California Institute 

of Technology (CIT). They were asked to participate in an economics experiment for which 



they would be paid. Each experiment consisted of ten subjects and lasted for about two 

hours. The exact instructions read to the subjects are included as Appendix A. 
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A total of twenty-four experiments were conducted. Six experiments were 

conducted under each of three treatment variables (DCV, SP, SPV). The six experiments 

with DC are those that were reported in Isaac, McCue, and Plott (1985) (the six experiments 

selected were those that had ten subjects and violation of the rules. These were experiments 

1,2,3,4,7,8). The experiments with relevant parameters are in Table 2. 

E]Cperimental Results 

The time series from all trials of all experiments are in Figures 4,5,6,7. The results 

relative to the questions that motivated the experiments are reviewed in the first subsection. 

The subsections following the first deal substantially with questions that arose after the 

experiments were conducted and the data analysis had been initiated. The second subsection 

involves inquiries about the accuracy of models of the processes. The third subsection 

elaborates an observation that the tradeoff exists among performance variables of primary 

interest. The overall performance of the process is analyzed in terms of success and failure. 

The final section is devoted iO isolating manifestations of strategic uses of unanimity. 

The main results from the experiments can be categorized in the box in Table 2 that 

shows the overall provision levels. The statistical analysis of the elements of Table 2 will be 

based primarily on distribution-free statistics. Specifically, we will employ the Wilcoxon 

Rank Sum Test (see Lehmann, (1975» unless otherwise stated. We use this nonparametric 

test since: 

(a) most of the distributions tend to be multimodal and skewed; 
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Table 2 

Experimental Parameters 

Number of Subjects 
per Payoff Group 

Experiment Subject Pool High Low Optimal Quantity 

Direct Contribution 
with Unanimity'· 

1 PCC 5 5 (23.24] 
2 PCC 5 5 (23.24] 
3 PCC 5 5 (23,24] 
4 CIT 5 5 (23,24] 
5 PCC 5 5 (23,24] 
6 CIT 5 5 (23,24] 

Direct Contribution 
without Unanimity 

1 CIT 5 5 (23,24] 
2 CIT 5 5 (23,24] 
3 PCC 5 5 (23,24] 
4 . CIT 5 5 (23,24] 
5 PCC 5 5 (23,24] 
6 CIT 5 5 (23,24] 

Smith Process 
wi th Unanimity 

1 CIT S 5 (23,24] 
2 CIT 5 5 (23,24] 
3 CIT 5 5 (23,24] 
4 PCC S 5 (23,24] 
5 PCC 5 5 (23,24] 
6 CIT 5 5 (23,24] 

Smith Process 
without Unanimity 

1 CIT S 5 (23,24] 
2 CIT S 5 (23,24] 
3 PCC 5 5 (23,24] 
4 PCC 5 5 (23,24] 
5 PCC 5 5 (23,24] 
6 CIT 5 5 (23,24] 
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(b) we have no reason to suspect nonnality of the underlying distributions; 

(c) most of our tests are two sample problems in which equality of the two 

distributions are tested. 
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Before we present our conclusions we point out that the data used in the statistical 

analysis are at times pooled over trials or periods of the experiments. Since the data in any 

one experiment are sequential, the assumption of independence in these cases does not likely 

hold. Thus, while the Wilcoxon Rank Sum Test is in general robust it does require 

independence. 

To read Table 3 the mechanisms listed in the table column are assumed to generate 

samples with a cumulative distribution F(x), and the mechanisms listed in the table row are 

assumed to generate samples with a cumulative distribution G(x). The z-scores listed in the 

table are derived from testing the hypothesis 

H 0 : F (x) = G (x) for every x 

against 

Ho : F (x) > G (x) for every x 

Overall Perfonnance of Mechanisms 

Conclusion 1. The Smith process generates project levels that are more efficient than the 

direct contribution mechanisms. 

Support. Notice first in Table 3 that with or without unanimity the Smith does the De or 

DeU processes. If all periods are considered, then from Table 4 we find that the SP levels 

are significantly higher than DC or DeU. The lowest z score is 2.71 for which (l = .003, 

when SP is compared to De. For SPU evaluated in Table 4, the equality of the distributions 



cannot be rejected only when it is compared to DC. 

Conclusion 2. The inclusion of unanimity reduces the overall efficiency of the process. 

Support. From Table 3 the addition of unanimity is associated with a fall in the overall 

provision level in both SP (provision goes from 13.7 to 10.6) and DC (provision goes from 

4.7 to 1.2). These reductions are significant when comparing DC to DCU (z = 5.20) but the 

differences have very low significance (z = .SO,a. = .21) when comparing SP to SPU. 

Conclusion 3. In tenns of overall provision levels (efficiency) the mechanisms can be 

ranked as follows: 

SP ~SPU ~DC >DCU and SP >DC. 

Support. Combine the results of conclusions 1 and 2. 
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Conclusion 4. The overall provision level (efficiency) in SP and DC falls with replication of 

periods. 

Support. Table 3 shows the pooled data from the early periods (1 and 2) with the later 

periods (3 and greater). The provision in the early periods of SP is 17.3 and it is 11.4 for the 

later periods. For DC the levels are 8.0 and 3.3 respectively. From Table 5 these z-scores 

are seen to be 1.29 (a. = .10) and 3.61 (a. = .00) respectively. However, the SP results are 

sensitive to the zero allocations. 

Conclusion 5. The overall provision level (efficiency) of DCU increases with replication of 

periods, and it falls in SPU, but not significantly. 

Support. Table 3 shows the pooled data from the early periods (1 and 2) with the later 

periods (3 and greater). The provision in the early periods of SPU is 12.3 and it is 9.4 for the 



Table 3 

Average Provision Levels and Efficiencies 

Smith Process Direct 
x y z x 

~1ith 10.6 12.3 9.4 1.2 
Unanimity (48.7) (57) ( 44) (8.0) 

Hithout 13.7 17.3 11.4 4.7 
Unanimity (66.5) (86) (51) (32.0) 

x = mean provision level for all periods. 
y = mean level of provision for "early periods 1 and 2. 
z = mean level of provision for "later" periods 3 +. 

Contribution 
y z 

101 1.2 
(7.0) (8.0) 

8.0 3.3 
(53 ) (21) 

The numbers in parentheses are the associated mean efficiency (%) levels. 
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SP 

SPU 

DC 

Table 4 

Wilcoxon Rank Sum Test of Provision Levels of All Periods 

SPU 

z = 0.80 

a = 0.21 

G 

DC 

z = 2.71 

a = 0.003 

z = 0.07 

a = 0.47 

70 

DCU 

Z ::: 4.06 

a :: 0.00 

Z = 2.65 

a = 0.004 

z = 5.20 

a :: 0.00 

>I< Ranlcs do not change if efficiency levels are used instead of provision levels since 
efficiencies increase as provision increase to x = 24 units and in the cases where x > 24 units, 
the efficiencies still dominate. 
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Table 5 

Wilcoxon Rank Sum Test of Early vs. Later Provision Levels 

SPU z = 0.51 
a = 0.30 

SP z = 1.29 
a = 0.10 

DCU z = 0.34 
a = 0.37 

DC z = 3.61 
a ::: 0.00 

* The hypothesis to be considered here is that there is no repetition effect against the 
alternative that early provision levels dominate later provision levels. 
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later periods. For DeU the levels are 1.1 and 1.2 respectively. From Table 5 these z-scores 

are seen to be .51 (ex = .30) and .34 (ex = .37) respectively. However, the results are sensitive 

to the zero allocations in either case. 

Summarizing the results of this section, three major features of the data are apparent. 

First, the Smith process is more efficient than is direct contribution. Secondly, the addition 

of unanimity to a mechanism is not an overall help to the performance level as measured so 

far. Third, the operation of time and experience does not seNe to improve matters. In some 

cases the problems get worse. The inclusion of unanimity, however, prevents a significant 

decay in performance that occurs in its absence across the mechanisms. 

Models of Individual Behavior 

The next two conclusions provide useful background for considering models of 

individual behavior. Both conclusions identify aggregate behavior that hopefully is 

explic;able in terms of models based on an individual level of analysis. We will then proceed 

to explore the available models as well as an ad hoc model in hope of finding an adequate 

explanation of these phenomena. 

Conclusion 6. The sum of bids increases during a period of SP and SPU and decreases in 

Deu during a period (in De there are no trials). 

Support. From Table 6 we find that the mean bid in on the last trial is 1302 in SPU and 1206 

in SP with standard deviations of 89.6 and 129.8 respectively. While the overall mean of 

1272 for SPU and 1115 for SP with standard deviations of 260.3 and 256.0 respectively. 

Using a sign test to test equal probability of movements we obtain a z-score of 4.93 for SPU 

and 5.41 for SP so that sum of bids is increasing. Furthermore, the z-score is -2.82 for DeU 
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Table 6 

Mean and Standard Devialion of 
Period-Trial Bids and Project Levels 

Hean 

Sum of Bids 

Standard 
Deviation Hean 

Project Level 

Standard 
Deviation 

---------------------------------------
SPU - All Trials 1272 

SP 

Last Trial of Period ]302 
Trials Period 3+ 1245 

- All Trials J115 
Last Trial of Period J206 
Trials Period 3+ 1098 

DCU - All Trials 
End of Period 
Trials Period 3+ 

DC - All Periods 
Period 3+ 

260.3 
89.6 

261.5 

256.0 
129.8 
279.3 

22.1 3.9R 
21.1 2.37 
22.5 4.21 

19.8 3.1111 
22.0 1.80 
20.2 4.0B 

7.6 6.4 B 

4.8 2. I 6 

6.7 3.17 

4.7 3. 91 
3.3 1. 77 

------------

* Sign test for the equal probability of movement on the sum of bids yields 

SPU 

Z .. 4.93 

a ::! 0.00 

DCU 

Z 0= -2.820 

a = 0.002 

SP 

z = 5.41 

n ::! 0.00 

DC 

z c '-2.830 

n" 0.002 
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so that sum of bids is decreasing. 

Conclusion 7. Aggregate proposed quantities are near the Lindahl optimum for SPU and SPa 

Support. Table 6 shows that the mean project size for all trials is 22.1 in SPU and 19.8 for 

SP and that for the last trial mean project sizes are 21.1 and 22.0 respectively. The range of 

the project levels is 13.6 to 33 for SPU and 11.1 to 29.6 for SPa 

Given the dynamic structure of the experiments (e.g., a series of trials leading to a 

possible agreement), a Nash reaction model may provide an explanation for individual 

decision-making. Each individual adjusts bids and quantities to maximize utility given that 

the other participants leave their bids and quantities lIDchanged from the previous trial. 

Conceivably, some sort of Nash reaction would induce a dynamic feature that keeps 

quantities and bids moving in the "right" direction. Since the Nash reaction is a point 

response which is not likely to be seen, two weaker models are developed. These two 

additional models ask only if the variables are moving in the "right" direction. 

The structure of a Nash gradient reaction model will be developed for the Smith 

process as follows. The extension to the DC mechanism is trivial. Let b::1 == 1301:- "Ebi and 
j¢i 

X{:l denote Nash bid and project level reactions for individual i at time t. Since we truncated 

the message spaces in our experiment, i.e., b{ ~ 0 and xI £ [O,x], where i = 40 for the high 

value group and 34 for the low value group. we must have b::1 ~ 0 and X::l e [O,i]; thus if 

we note that if profits are negative for any feasible X/+l , given a price of 1301:- ,£bi, then any 
j<'J 

reaction X::l e [O,x] and 0 ~ bi:! < 130t- 'Lbi would correspond to cost not being covered and 
j¢i 

thus zero profits. Hence, we will ignore the cases of negative profits for any X1+l E [O,i] with 



a price of 130t- 'Lb/. 
j'" 

N I Ai (·i i)( i i) 'f i· idA i l'f ," i d ow, et L.1x = Xl+l - x, X, +l - X, 1 X,+l * X ,+l an L.1x = 1 X ,+l = X,+l ; an 

Ai (b i* bi)(bi bi) 'f bi· b i d Ail 'f bi· b i W tha . d' 'd al . L.1b = 1+1 - I 1+1 - I 1 1+1 ¢ 1+1 an L.1b = 1 1+1 = 1+1' e say t m IVI u I 

exhibits Nash gradient behavior if t1; > 0 and t1t > 0 and i exhibits weak Nash gradient 

behavior if t1;, t1t ~ 0 but t1; ¢ 0 or t1t ¢ O. Notice that the act of voting is considered as 

neither a strategic nor an infonnative variable in the behavioral model. 

Conclusion 8. In both SPU and SP the overall response is consistent with weak Nash 

gradient reaction behavior. 

Support. Table 7 A presents the aggregate t1x or t1b counts for both SPU and SP. In every 

case, we can reject the hypothesis of equal probability of movement in project ievel and 
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bids, in favor of movement in the Nash direction. We do note that there exists a substantial 

amount of cases of no changes in the bids and project level (see Table 7B). 

Conclusion 9. In both DCU and DC the overall response is consistent with Nash gradient 

reaction behavior. 

Support. Table 7C shows the number of responses in each of the possible directions of 

movement. The z-score on the equal probability of move implies rejection in favor of 

movement in the Nash direction fOf DCU and DC. 

Tum now to a static modei of individuai behaviof, nameiy the Lindahl eqUilibrium. 

The Smith experiments (1979b; 1980) suggest that one should check on the possibility of 

Lindahl behavior directly. Lindahl behavior might emerge even though an explanation in 

tenns of strategic behavior is lacking. Of course in SP and SPU the Lindahl optimum is also 

a perfect Nash eqUilibrium. The following two conclusions demonstrate that the choices 
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Table 7A 

Process A l Ob A , Oc 

SPU 64% 68% 

z c 7.48 z == 9.70 

G :::: 0.00 a :::: 0.00 

SP 
659.1 6~ 

z = s. S3 z == 7.94 

a ::: 0.00 a ::: 0.00 

a. /l :; (.1.x ./lb) with the standard formulation that: 

fl > 0 (=> A x' flb > 0 

fl ~ 0 (=> /lx' flb ~ 0 

/l l 0 (=> ~. flb ~ 0 

but 
fl > 0 or flb > 0 

j( 

b. The z-score is based on the test of the null hypothesis that. 
given there was movement in at least one dimension. there is equal 
probability of positive-zero and negative (any direction) against the 
alternative of movement in positive-zero direction. If we consider 
i1 > 0 as the only positive movement. \-le obtain (19i/686) for SPU and 
(116/361) for SP. 

c. The z-score is based on the null hypothesis of equal probability 
of non-negative and negative (any direction) movement against the 
alternative of non-negative movement. 
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Table 7B 

Nash Gradient Reaction Function Per Message Dimension 

Il > 0 Ax 2 0 Ilx < 0 Ilb > 0 Ab 1 0 Ab < 0 x 

SPU 261 595 162 328 645 

z = 4.82 z = 17.16 

a ::: 0.00 a ::: 0.00 

SPU 155 321 97 215 314 

z = 3.65 z = 6.22 

a t:::I 0.00 a ClI 0.00 

* The z-scores are based on the test of the null hypothesis that, given there was 
movement in the stated direction, there is an equal probability of movement against the 
alternative of movement in the Nash direction. 

112 

104 
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Table 7C 

Nash Gradient Reaction Evaluations 

Process A )'0 
b Ab ~ 0 Ab < 0 

DCU 609 1127 283 

Z = 10.87 

a .... 0.00 

DC 134 276 64 

z = 7.62 

a ~ 0.00 

Jjc The z-scores are based on the test of the null hypothesis that, given there was 
movement in bids, there is an equal probability of positive-negative movement against the 
alternative of movement in the Nash direction. 
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themselves are not Lindahl. 

Conclusion 10. High/low payoff group bids (after rebate) approximate !!quality, i.e., groups 

tend toward equal contribution when agreement occurs (note that the rebate does not change 

the result of the equality test because it is a proportionate transfonnation of the data.) 

Support. Table 8 gives the mean bids and project levels for agreement periods by demand 

group, while Table 9 displays the test for equal (13Oc/) bids across groups. Testing the 

hypothesis that the bids from the high value and low value groups come from the same 

distribution upon agreement (nonzero provision successfully implemented) we obtain z

scores of z = 1.20 for SPU and z = 0.21 for SP via the Wilcoxon rank. sum. Applying a 

parametric test of the equality of mean bids from each group we obtain t = .95 (a. = .32) for 

SPU and t = .32 (a. = .70) for SP. 

The results reported in conclusion 10 together with other aspects of the data set the 

stage for investigating an ad hoc model of individual choice behavior. Conclusion 10 

suggests that a bargaining process among agents who are uninfonned of the payoff of others 

is leading to an equal split similar to those observed by Roth (1983). Ten people splitting 

the 1?fr/ unit cost of the project results in a per person bid of l?J:I which approximately fits 

the facts. From the payoff charts one can detennine that the optimum quantity for the high 

demand group facing such a price is 28 units and for the low demand group is 18 units. 

Suppose the five high demanders submitted quantity bids qi = 28 rather than the qi that 

would influence q in an optimum manner. Suppose further, the low demanders followed a 

similar strategy and submitted qi = 18. The Smith process would produce the "welfare 

maximizing" quantity of23 units and thus operates at 100 percent efficiency given t.hat costs 

were actually covered. Table 7 shows that, in SPU, the mean quantities are 28.1 and 14.3 



High Group 

• Mean Bida 

Table 8 

Bid and Project Level Response 
by Group Upon "Agreements" 

SPU 

139.3 
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SP DCU DC 

132.1 1425 7B1 
• Standard Deviationbof Bid 66.3 B9.1 830 1042 

Mean Project Level 2B.l 23.3 
• Standard Deviation of Project Level 14.6 13.3 

!&l:l Group 

• t-1ean Bid 120.7 127.9 906 
• Standard Deviation of Bid 72.6 110.5 1001 
• Mean Project Levelc 14.3 16.1 
• Standard Deviation of Project Level 11.3 10.1 

a. All bids are expressed in francs (1000 francs = 1 U.S. dollar) 
with rebate. 

417 
690 

b. The optimal project size for high group with median bid of 139.3 
is 27.4 and 132.1 is 23.0. 

c. The optimal project size for lou group t-lith median bid 120.7 is 
18.9 and 127.9 is 18.5. 



Mechanism 

SPU 

SP 

Table 9 

High/Low Group Bids 

Rank Sum 

z = 1.20 
a. = 0.22 

z = 0.21 
a. = 0.42 
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t-test (equal means) 

t = 0.95 (df = 138) 
a. = 0.32 

t = 0.32 (df = 208) 
a. = 0.70 

The 95 % confidence intelVals (francs) per payoff group and process are: 

High (126.1 ! b ! 152.5) 

(106.0 ~ b ~ 135.4) 

(117.6 ! b ! 146.5) 

(111.1 ~ b ~ 144.7) 



units, giving a quantity of 21.2 units. The ad hoc model thus seeks to explain the high 

efficiency levels of the Smith process as resulting from (1) equality of bids, (2) truthful 

revelation of desired quantity given bids, and (3) parameter choices that lead (1) and (2) to 

generate optimal group choices of quantity. 
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The next result tests the ad hoc model against an appropriately modified Nash 

reaction model. The question posed is whether the choices of qi' given the individual's bid, 

are closer to the optimal Nash reaction or to demand revelation. 

Conclusion 11. The Nash reaction model is better (with marginal significance) in SPU than 

the ad hoc model but in SP the ad hoc model is better. 

Support. For both models the distribution of errors was calculated. (error = quantity choice 

predicted by the model minus actual quantity chosen). The results are in Table to. In SPU 

the average error (standard deviation) for the Nash reaction model and the ad hoc model 

were respectively 1.04 (17.6) and 1.78 (12.1). The difference is significant at the .05 level of 

confidence. The error of the Nash model is on average smaller but the large variances 

suggest that the models are behaving badly. In SP the numbers for Nash and ad hoc are 

respectively 8.2 (16.4) and 5.9 (11.5). In this case the errors of the ad hoc are on average 

smaller and the difference in averages is significant at .01 level of confidence. However, the 

variances are again very large, suggesting that additional theory is required. 

Conjectured Perfonnance Tradeoffs 

Ex post data analysis suggests the existence of perfonnance tradeoffs as one varies 

mechanisms. The first tradeoff is between the efficiency of the choice given the occurrence 

of a success (i.e., a nonzero provision level was successfully implemented) and the rate of 



Nash Reaction Model 

Ad Hoc Model 

Table 10 

Average Error From Predicted Model 
(Standard Deviation) 

SPU 

1.04 
(17.6) 

1.78 
(12.1) 

Table 11 

Tradeoff Analysis 

SP 

8.2 
(16.4) 

5.9 
(11. 5) 

Smith Process Direct Contribution 
x y z x 

t-1ith I 21.3 50 7 I 3.9 
Unanimity I (97.3) I (57.5) 

Hithout I 19.7 67 62 I 4.7 
Unanimity ( 95) (32.0) 

x = mean level (efficiency) for success periods. 
y = percent of success periods. 

y 

13 

100 

z = percent of success periods '.vith at lClliit one bankruptcy 

z 

67 

60 

83 
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success. The second is a tradeoff between the success rate and the occurrence of bankruptcy 

(i.e., a period in which an individual loses money). The following conclusions regarding the 

possible tradeoffs are tentative however, some of the observed differences in means are not 

significant. 

The first tradeoff can be seen in Table 11. Provision levels given a success go up 

with unanimity, while the success rate goes down. The lower success rate more than offsets 

the increase in provision levels given success, as can be inferred from conclusion 2 above. 

A histogram is shown as Figure 8. 

Conclusion 12. Unanimity decreases the success rate of the mechanism. 

Support. From Table 11 we see that conditional on unanimity the success rate is lower, .50 

SPU vs .. 67 SP and .13 DCU vs. 1.00 DC. Testing the equality of the proportion of failure 

per mechanism we find in Table 12 that z = 1.56 (ex. = .06) for SPU and SP; z = 7.25 (ex. = .00) 

for DCU and DC. 

Conclusion 13. Unanimity increases the efficiency of the mechanisms given a success 

(nonzero provision) but not significantly. 

Support. The mean values are in Table 11. Table 13 provides the rank sum test statistics for 

the nonzero provision periods. While the mean provision is higher for SPU (21.3) than SP 

(19.7) the z-sc.ore is 1.11 (a= .13) and I = 1.30 (ex = .20) for equality. It is clear that the Smith 

process distribution dominates the direct contribution process when nonzero provisions are 

considered (lowest z = 2.53). 

Conclusion 14. Unanimity reduces the effect of bankruptcies. 

Support. In Table 14 we find that the loss per period in SP (l65cb is greater than in SPU 
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SPU 

DCU 

SP 

Table 12 

Test on Proportion of Failure by Process 

z = 1.56 

a. = 0.06 

z = 4.13 

a. CI 0.00 

p a 
2 

>I< The 95 percent confidence intervals for the proportion of failures (p) are: 
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z = 5.00 

a CI 0.00 

z = 7.25 

a = 0.00 

Z ::: 3.75 

a OJ 0.00 

SPU - (.31 S P ~ .69) DCU - (.68 ~ P ~ .96) SP - (.16 ~ p ~ .48). 

a. A normal approximation to the binomial is used to test 

Ha ~ Pl = P2' 

b. Hsing a contingency table to test failure rate of SPU = 

failure rate SP, He obtain ,,2(1) = 1.81. 

c. Using a contingency table to test failure rate of DeU = 

failure rate DC, t-le obtain n2 (1) = 47.61. 
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Table 13 

Wilcoxon Rank Sum Test for Nonzero Provision 

G 

F SP DC DCU 

SPU z = 1.11 z = 5.40 z = 2.64 (T = 6) 

a = 0.13 Q ::: 0.00 a = 0.04 

SP z = 6.20 z = 2.53 (T = 8) 

a t::t 0.00 a = 0.006 

DC z = 1.69 (T = 3) 

a = 0.65 

.:< Confidence intervals for the Smith Process are 

SPU = (19.3 ~ p ! 23.4) 

SP = (17.2 ! ~ < 22.2) 

t-test for equal means SPU, SP yields t = 1.2. However, the F- test for equal variances yields 
F = 3.46. The modified t = 1.30. 
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Table 14 

Measures of Bankruptcy by Process 

Magnitudes of Bankruptcy 

(a) (b) (c) = (a)/(b) 
Average Number of ~leighted Loss 

Loss Participants Suffering per Occurrence 
per Period ($) Loss in Loss Period of LOfls ($) Process 

SPU 0.25 1.0 0.25 

SP 1.65 1.4 1.18 

DCU 0.11 2.0 0.06 

DC 0.68 1.2 0.S7 
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(25c/). Similarly, for DC, the loss per period (68c/) is greater than in DCU (l1c/). If average 

loss per bankruptcy is weighted by the proportion of bankruptcy periods, i.e., 

[ 
'Lf=110SSj] [number of bankruptcy periOdS] 

I number of periods ' 

where i indexes losses, then we find the same ranking being maintained: SP = 1181; 

SPU = 251; DC = 571; DCU = 6t. 

The role of time and replication proved to be important in the overall perfonnance 

of the mechanism. Hence it is natural to check for any effects on the success periods. As 

above our comparisons involve the first two periods (early periods) vs. periods three and 

greater (late periods). 

The following conclusion suggests that a tradeoff between the efficiency given 

success and the rate of success may exist over time as well as across mechanisms. 

Conclusion 15. The following aspects of sucess rates are evident 

(i) Considering only sllccessful periods of SP and SPU the levels are lower during 

the first two periods than in later periods. The differences are not significant 

(ii) The success rate goes down (up) with replications in SPU (DCU) but not 

significantly. 

(iii) The success rate goes down in SP with replication. 

Support. 

(i) Table 15 shows that mean difference of provision levels from later vs. early 

periods is .30 for SPU and 1.60 for SP. The z-scores (fable 16), however, are z = .25 

(a = .49) for SPU and z = .66 (a = .25) for SP. In Table 15 the sign test yields z = .71 (a = .24) 
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Table 15 

The Effect of Repetition on the Process 

Mean Provision x > 0 Failure Rate 

Process Periods 1 and 2 Periods 3+ Periods 1 and 2 Periods 3+ 

SPU 
SP 
DCU 
DC 

21.1 
18.9 
13.7 
8.0 

21.4 
20.5 
6.6 
3.3 

.42 

.08 

.92 
o 

Sign test (equal probability of movement for provision levels) yields: 

SPU 

z = 0.77 (x l 0) 
z = 0.71 (x > 0) 
z = 0.23 (e.o.p.) 

DCU 

z = 1.09 (x ~ 0) 
z = 1.60 (x > 0) 
z = 1.63 (e.o.p.) 

a.o.p. = end of period project levels 
x > 0 = success periods allocations 
x ~ 0 = all periods allocations 

SP 

z = -2.82 (trials) 
z = -1.21 (a.o.p.) 

.56 

.44 

.82 
o 

DC 

z = -2.83 



SPU 

SP 

Deu 

Table 16 

Test of Repetition Effect 

Successful 
Provision 
Levelsa 

Z c 0.25 
a c 0.49 

Z = 0.66 
a = 0.25 

Z = 2.40 

a Cf 0.008 
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Failureb 
Rate 

Z c 0.74c 

a. = 0.23 

Z = 2.11d 

a c 0.017 

Z = -.70e 

a. = 0.24 

a. Test based on Hilcoxon Rank Sum Hhere the null hypothesis is that 
repetition does not matter. and the alternative is that Periods 1 and 
2 dominate Periods 3+. 

b. Test based on normal appro)cimation to binomial to test difference 
in failure rate with the alternative hypothesis being that the failure 
rate grows with repetition. The sample sizes are small so that the 
normal approximation may not hold. 

c. Using a contingency table to test failure rate periods 1 and 2 :: 
failure rate periods 3+ yields ~2(1) = .14. 

d. ~2(1):: 1.39 from contingency table. 

e. n2(1) = 1.20 from contingency table. 
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for SPU and z = 1.60 «l = .055) for SP. 

(ii)-(iii) The mean difference of the failure rates from later vs. early periods is .14 

for SPD and .36 for SP. Table 16 provides the test of equal proportion of failures in periods 

one and two and periods three on, the z = .74 «l= .23) for SPU, z = 2.11 «l= .017) for SP, and 

z = -.70 «l= .24) for DCD. 

Strategic Use of Unanimity 

Unanimity changes the set of Nash equilibria in the game representations of the 

mechanisms so reasons exist to suspect that it will influence the strategies used by 

participants. The next two results identify some of the effects of unanimity on individual 

behavior. The first result suggests that unanimity encourages higher bidding by removing 

any risk ofloss associated with higher bids. The higher bidding activity increases the 

likelihood that costs will be covered in the Smith process and increases the efficiency level 

of success periods in the direct contribution mechanism. The second result indicates that 

unanimity can be used as a bargaining tool in which participants attempt to benefit 

themselves at the possible expense of others. 

Conclusion 16. The sum of bids in both mechanisms tends to be larger with unanimity than 

without. 

Support. Testing whether the sum of bids come from the same distribution with or without 

unanimity we obtain z = 6.03 «l = .00) for SPU vs. SP and z = 2.95 «l = .002) for DCD vs. DC 

from Table 17. Applying a parametric test for the equality of means of sum of bids we find 

t = 4.88 «l = .00) for SPD vs. SP and t = 2.58 «l = .01) for OeD vs. DC. 

Conclusion 17. The following strategic uses of unanimity are evident. 



Table 17 

Test on Sum of Bids 

SPU 

DCU 

z = 6.03 

t = 4.88 

SP 

a ~ 0.0 

a r:t 0.0 

z = 2.9S 

t := 2.587 

Table 18 

Strategic Use of Unanimity 

Pe~cent of individuals voting 
no with positive profits 

No votes with positive profits 
as a percent of total no votes 

Number of no votes on last 
trial of period with positive 
profits 

Percent of individuals who 
never vote no ,dth positive 
profits if previously such a 
strategy resulted in lOHer 
profits 

SPU 

(21/60) - 35 

(35/76) - 46 

o 

(11/14) - 79 

93 

DC 

a = .002 

a c: .01 

DCU 

(42/60) - 70 

(269/40],) - 67 

<15/42) - 36 

oJ< Eleven out of twenty-two last trials had at least one no vote from an individual making 
positive profits. 



Table 19 

Change in Bids After Agreement or Failure 

Percent of bids that do not 
increase if there is a no vote 

Percent of bids that decrease 
if there is a no vote 

Percent of bids that do not 
increase if there is a no vote 
or end of period (e.o.p.) 

Percent of bids that decrease 
if there is a no vote or 
e.o.p. 

Percent of bids that decrease 
~f individual voted no tii th 
loss 

Percent of bids that decrease 
if individual voted no tdth 
positive profit 

Percent of bids that do not 
increase if cost not covered 
at e.o.p. 

SP 

83 

62 

32 

94 

SPU 

74 

43 

82 

S1 

93 

71 

so 
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Table 20 

Proportion of Trials Used by the Process 

All Trials Agreement on 
Used Last Trial 

SPU (23/28) - 82% (9/23 ) -3~ 

SP (14/30) - 47% (5/14) - 36% 
~ 

DCU I (22/23) - 96% (2/22) - !t% 
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(i) voting no with positive profits occurs on nonfinal trials but never on last trials for 

SPU; 

(ii) no votes with positive profits are followed by lower bids; 

(iii) the addition of unanimity in the Smith process pushes the process to the final 

trials. 

Support. Table 18 shows that 46 (67) percent of the no votes in SPU (DCU) were registered 

by participants making positive profits. Furthennore, 

(i) 35 (70) percent of the participants in SPU (DCU) voted no with positive profits 

at least once. However, partiCipants never vote no with positive profits on the last trial of a 

period in SPU (19 no votes were registered on the last trial of a period in DCU by 

individuals making positive profits). 

(ii) Table 20 shows that 71 percent of those individuals voting no with positive 

profit reduce their bids for the next trial. 

(iii) From Table 19 we notice that SPU uses all the possible trials in 82 percent of 

periods while SP has only 47 percent of the periods using all the trials. 

Concluding Remarks 

From a practical point of view the experiments were successful in a negative sort of 

way. The Smith process does not reliably deliver public goods decisions at near 100 percent 

levels of efficiency. In efficiency tenns the perfonnance of the process will be sensitive to 

the parametric environment. In particular the perfonnance of the mechanism decreases with 

repeated use rather than increases as one might have hoped. This fact bears importantly on 

the space station research project. A more reliable process must be found before we proceed 

with an application at the practicaVpoliticallevel of analysis. 
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On a more positive note the Smith process perfonns much better than a direct 

contribution process. Both the performance over all periods is better and the performance 

over time is better. These experiments leave no doubt that the quality of public goods 

decisions can be substantially affected by the choice of mechanism. Surprisingly, unanimity 

decreased the efficiency with which either mechanism functioned. This result is directly 

counter to expectations formed from data and conjectures found in the literature. 

A puzzle remains about the reason for the relatively good performance of the Smith 

process. Individuals do not seem to be revealing Lindahl prices as one might expect from 

studying previous work. Some support exists for a Nash gradient response model. Analysis 

of the data also yields support for an ad hoc model of individual decisions. This lack of 

resolve and the high variances in errors suggest that more research is necessary on this issue. 

A tradeoff in performance qualities can be detected. Much of the low levels of 

efficiencies in the Smith process can be attributed to a low success rate. When groups do not 

cover cost and attain an agreement within a prespecified number of trials, the chosen level of 

the public good is zero by default. Unanimity has the property of decreasing the success 

rate and increasing the efficiency given that a success occurs. This latter tendency, however, 

is not statistically significant. Part of the failures when unanimity is added can be 

understood in terms of bankruptcy avoidance and therefore perhaps the failures are not a 

dead weight loss due to unanimity. Unanimity does remove a bankruptcy problem. 

However, unanimity does more than eliminate bankruptcies because it is a tool that can be 

used strategically. Several of the conclusions of the paper are devoted to an attempt to 

detect such strategic behavior. 



THE DESIGN OF MECHANISMS TO ALLOCATED UNCERTAIN SUPPLIES 

The theory and experiments that are developed and analyzed below address the issue 

of designing allocation schemes (market organizations) when the outputs to be supplied are 

uncertain. In economic environments in which the system can offer different levels of 

reliability to demanders, allocation schemes which allow users to self-select their priority in 

the "supply queue", i.e., reveal their demands for priority, can provide improvements in 

economic efficiency over those that do not. The economic literature on allocating priority is 

quite sparse. Harris and Raviv (1981) investigated (theoretically) various mechanisms for 

allocating resources when there are curtailments fI\lii':. uncertain demand. They found that a 

monopolist could obtain his largest (expec!l!d) profits by pricing priority, i.e., by segmenting 

demand on the basis of priority. In the context of interruptible service for an electric power 

system, Chao and Wilson (1985) develop a simple model which provides the theoretical 

justification for improvements in economic efficiency through pricing differing levels of 

priority service. Reitman (1985) provides a model of congestion induced quality from 

service queues and the use of priority pricing to provide a spot market for places in the 

queue. A related problem arises when output is to be supplied over time, where there is still 

uncertainty over the level of output at anyone time. If users' demands are time-dependent, 

then futures contracting would allow them to reveal their demands for output as a function of 

time. Furthermore, contingent contracting would permit users the flexibility of establishing 

either "priority" or "futures" types of portfolios of contracts. 

The experimental investigation presented below has involved the use of experiments 
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as a heuristic for understanding new processes and their implementation (Smith (1982) 

provides a discussion on experimental economics and microeconomic systems). There have 

been no previous attempts to design experiments to investigate mechanisms to allocate 

priority. Thus, the experimental design and tailor made iruJtitutions developed below 

required significant trial and error to "perfect" the institutional trading rules. 

Given that the environment we are investigating involves the allocation of an 

uncertain supply questions concerning risk attitudes naturally arise. In particular individuals 

will be obtaining queue positions and making payments for an output that is random. We 

will not attempt to control for risk attitudes in the experiments presented below. Techniques 

to induce/control for risk attitudes in the laboratory would provide assistance for tests with 

specific risk preference contours, see Berg et. al. (1986) and Roth and Malouf (1979). 

However, given the results from Cox, Smith, and Walker (1985) we are dubious of the use of 

such techniques for controlling subject risk attitudes. Recall that our motivation for 

investigating allocation processes with uncertain supplies stems from our search for methods 

to allocate resources of pioneering projects. The processes defined below are a substantial 

departure from current pricing policies (see Shuttle pricing history in section I.C.) or 

traditional cost-benefit analysis. 

The research strategy for this section was to first investigate the theoretical 

properties of possible allocation mechanisms which would help in coordinating demand 

characteristics-the "fitting" of demands within the resource capacity constraints which are 

random. The experimental analysis considers a baseline case in which the supply is assigned 

randomly and compares it to an English~type oral auction in which bids are accepted for 

contracts and information is provided by demanders which could help in coordinating 
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demands. While resources could be allocated using either contingent contracts or priority 

contracts, the experiments to follow focus on the use of priority contracts with some 

preliminary investigation of contingent contracts. 

This section is organized as follows: first the economic environment developed 

along with models for four possible allocation mechanisms and three contract structures. 

Next, the experimental design used to investigate some of the treatments developed in the 

previous subsection will be examined. We will then proceed to the results from the 

experiments. Finally, some conclusions along with a plethora of experimental extensions to 

our basic design are provided. 

Theorectical Analyses 

This section is derived from the work of Banks, Ledyard, and Porter (1986). We 

present a model intended to capture a situation in which a fixed quantity of resources is to be 

supplied with imperfect reliability. We then analyze how resource allocation can be 

managed within this environment. In particular we identify two main components of any 

process by which allocations are determined: the contracts and the mechanism. 

Environment 

Supply. A vector of resources are to be supplied in each time period t :::: 1, ... ,T with some 

uncertainty. Let s = 1, ... ,S be the possible states of nature and y(s) = [Yl(S) •• .. ,YT(S)] be 

the resources K supplied over time in state s, where Y, (s) E R! and Y (s) is the vector of 

resources supplied on date t contingent on state s. The simplest example of this structure 

occurs when, at each I, an amount Y is either supplied or not. This yields a tree structure of 

contingent supply as in Figure 9. Thus, Y (1) = [y ,y], Y (2) = [y ,0], Y (3) = [O,y], and y (4) = [0,0]. 



o 

t = 1 

t = 2 

s = 1 2 3 

Figure 9. Structure of Supply 
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With each state, s, is associated a probability, Ps' which, for this paper, we assume is 

common knowledge. A further simplification could be added by assuming that the 

probability of Y being supplied at t is , , which is independent of t. Then, for the example 

above PI = ,2, P2 = P3 = r (1 - ,), P4 = (1 - , )2. Furthermore, notice that if we had considered a 

static environment with three possible outcomes [0, Q , 2Q] corresponding to no output 

available. Q available, or 2Q available, we would have eliminated time but still have had a 

similar allocation problem. The experiments in section C can be interpreted as representing 

either environment. 

Demand. There are n = {I •... • N} (potential) users of the resources. In the most general 

model that we consider each i has a utility function for consumption streams. Let 

Ci(s) = [C~ (s), ... ,Cj.(s)] be i 's consumption plan contingent on state s, where Ci(s) E R~ 

and let b i (s) = [b~ (s), ... ,bf(3)] be i 's contingent payment plan. Vi (C i (s), Wi (s) - bi (s), s) 

is then i 's utility for [C i (s), bi (s)] in state s where Wi (s) is i's wealth in state s. 

ci = [Ci(I), ... ,Ci(S)] is a contingent consumption plan and i 's utility for Ci given a 

contingent payment plan b i = [b i (1), ... ,bi (S )], is 

s 
Vi(Ci,b i )= ~ PsVi[Ci(S),Wi(S)-bi(S),S) 

s=1 

where Vi is assumed to be a Von Neumann-Morgenstern utility function. For this section 

and the experiments we restrict preferences to be quasi-linear (no income effects) which 

implies a simpler functional form: 

S 
Vi(Ci , b i ) = ~ PsVi [gi (Ci(s» - bi(s) + Wi] . 

s=1 

During the experiments Wi and Ui (x) are neither known nor controllable by the 
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experimenter but it is assumed that dU i /dx > O. gi (C) is a valuation which can be induced by 

the experimenter in dollars, b i are cash payments and the Ps can be induced as common 

knowledge. If dUi /dx is constant, i is called risk neutral. If d2Ui /dx 2 < 0, i is risk-averse. 

We add one further simplification that is compatible with the view that each payload flies 

only once; each user receives benefits from the planned contingent consumption stream C i 

only in the first period in which cj(s) > O. Thus, 

" "i ' 
g' (C' (s» = cr' [C;(s)] if C 't = 0 for all 't < t. a' ( ) can be induced by the experimenter. A 

possible treatment is whether d () is a function of t or not. If not, the latter case is referred 

to as time-independent benefits. 

Feasibility. Since demand can be no greater than supply in any state, not all contingent 

consumption plans are feasible. We call <C, y> = [C l , ...• Cn ,y] an (state-contingent) 

N 
allocation. <C, y> is ajeasible allocation if 1:: C i ::; y. Notice that this requires that 

i=1 

n 

,1:: cj(s)::; y, (s) for every time t and every state s. 
1=1 

There is a further constraint on C due to the information structure of this problem. 

Refer to Figure I and note that at t = I each user and supplier knows only that they are either 

in the event {I, 2} or {3, 4}. They cannot, therefore, plan to consume d!fferent amounts in 

state s = 1 and state s = 2 at t = 1 since consumption C I will occur before the uncertainty is 

resolved. This fact is most easily modeled by first describing the common information 

structure as a partition of S at each I. That is, 

S, = {S I •...• Sv } 
I 

V, 

where u Si = S, and Si n Sj = 0 for all i = j. It is required that cj(s) = cj(s') for all s, S' E Sj. 
i=1 
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Consumption at t must be the same at all states which cannot be distinguished at t. In 

Figure 9, C~ (1) = C~ (2) and C~ (3) = C~ (4) since S = {{I, 2}, {3, 4}}. 

We call an allocation <C, y> achievable if it is feasible and satisfies the infonnation 

constraints. 

Contract" 

It is of course possible to have agents trade in each contingent commodity future, 

C",(s), to allocate resources, but we are also interested in other specific contract fonns and, 

thus, present a more general structure. We begin with some specific examples. 

Priority Contracts. A priority contract is a triple (q, d i , ~i), where q is the priority number, 

d i 
E RR~ is the vector of resources, and ~i is the payment made (whether d i is actually 

consumed or not). This is not critical. Payment can be made conditional on delivery. For 

payoff functions like those in section I above, a user is indifferent between the contract 

(1, d i , ~i), where ~i is paid whether delivery occurs or not, and the contract (1, d i ,1), where 

1 is paid only on delivery, if I: Ps ui (d i , wi (s) -1, s) = 
sepl 

I: Ps u i (d i , wi (s) - ~i , s) + 1:: Ps u i (0, wi (s) - ~i , s) where pI = {s I priority lis served }. 
sepl sepl 

Of course expected revenue to the seller may be different for the two types of contracts. 

Given a collection of such contracts, the actual allocation is detennined as follows. Those 

with q = 1 get their d i on the first date it is available, those with q = 2 get their d i next, and 

so forth. For the environment in Figure 9, q = 1 means i gets di on date 1 if s = 1 or 2, and 

on date 2 if s = 3, i gets nothing if s = 4. For q = 2, i gets d i on date 2 if s = I and nothing 

otherwise. Thus, the contract (1, di ,~i) implies the contingent consumption plan 
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(d i , 0) if s = 1 or 2 

Ci(s) = (0, d i ) if s = 3 
(0,0) if s =4 

and the contingent payment plan b i (s) = f3i for all s. 

Not all contingent consumptions can be achieved with priority contracts. In 
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particular, a consumption steam where C i (s) = (0, d i ) if s = 1 or 3 (i.e., consume in time 2 if 

available) cannot be achieved. This is an important limitation especially if preferences and 

benefits are not time-independent. 

Futures Contracts. A futures contract is a triple (I, di , f3i), where 1 is the date of delivery, di 

is the amount to be delivered and f3i is paid if delivery is made (of course we could malce the 

payment required whether or not output is available.) Whether delivery occurs or not 

depends on the state. That is, 

. { di if y,(s)¢O 
C:(s) = 0 if y,(s) = 0 

{ 

di if y,(s)¢O 

bf(s) = 0 if y,(s) = 0 

For the example in Figure 1, given (2, di , f3i), ci (s) = 0, C~ (1) = C~ (3) = di , C~(2) = C~ (4) = O. 

Not all contingent consumptions can be achieved with this set of futures contracts. 

For example, a consumption stream of: 

{ 

(d i
, 0) if s = 1 or 2 

Ci(s) = (0, d i ) if s = 3 

(0,0) if s =4 

is not possible with futures contracts (even though it was possible with priority contracts). 
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Contingent Contracts. A contingent contract is a triple (E, di , Pi), where E c;;;S is the event 

in which d i must be delivered and (3i is paid whether E occurs or not. Priority and futures 

contracts are special contingent contracts. There are others. For the example in Figure 9, 

the contingent contract (3, d i , Pi) implies i receives (di, d~) if state 3 occurs. Note that 

feasibility implies di = 0 since YI(3) = o. A contract ({I, 2}, (d i , 0), pi) will give i an amount 

di in period 1 if and only if Y I is supplied in period 1. 

The simplest complete set of contingent contracts is {(s, di , pi) Is E S}, [this is the 

standard Arrow-Debreu set of contingent markets]. This set is complete in the sense that all 

achievable consumption plans can be attained through some combination of these contracts. 

For example, i can consume di in period 2 of Figure 9 by contracting for (1, d i , pi) and 

(3, d i 
, P~) where d = (0, d i ). Neither priority nor futures contracts were complete. 

There is an undesirable complexity with this simple set of complete contingent 

contracts within the context of the environment we are analyzing. Because of the 

information constraint, delivery of ci in period 1 cannot be different in states 1 and 2. 

Therefore, i must contract for (1, (d i ,0), Pi) and (2, (di , 0), p~ in order to receive di in period 

1 if it is supplied. This complexity can be eliminated by using a different set of 

contingencies E = {{ 1, 2}, {2}, {3}} which is the set {success in time I, success in time 2 

given success in time 1 success in time 2 only}. Now, a contract ({I, 2}, di , pi) yields: 

i { (d
i

, 0) for s = 1, 2 
C (s) = (0, 0) for s = 3, 4 

the contract (2, di , pi) yields 

. { (0, d i
) for s = 1 

C' (s) = (0, 0) else; 
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and the contract (3, di , ~i) yields 

. { (0, di 
) for s = 3 

C· (s) = (0,0) else. 

With this set of contracts i does not need to "keep track of the infonnation constraints," they 

are built into the contract structure. 

Outcomes. For the experiments to follow our concentration will be on priority contracts and 

how to allocate them. Nonetheless, in general, a trader may be able to purchase a variety of 

contracts. For example, let Fi be the set of generic contracts purchased by trader i. An 

element of F is if, d i , ~i) where f is the contract type, d i is the amount of resources 

demanded and ~i is the cost of the contract. To provide notation to indicate the outcome to a 

trader who holds more than one type of contract, we let A(Fi ) = (C i , bi) be the function 

which detennines each traders (achievable) contingent consumption and payment plans 

given a portfolio of contracts. To illustrate, we supply some examples using contingent 

contracts. By definition of the contracts 

and 

A«O, di 
, P&» = [(0, 0), P&] 

A«O, d i 
• pI» = [(d i

, 0), P&] if s = 1, 2 

= [(0, 0), ~f] else 

A«2, di 
, ~D> = [(0, di

), P~ if s = 1 

= [(0, 0), ~~] else 

A«3, d i 
, P~» = [(0, d i

), P~] if s = 3 

= [(0, 0), ~~] else. 



For combinations of contracts, 

and 

1\«1, d i 
, PI), (3, d i 

, P~» = [(d i
, 0), Pf + P~] if s = 1,2 

= [(0, d i
), Pf + P~] if s = 3 

= [(0, 0), Pi + P~] if s = 4 

1\«2, d i 
, P~, (3, d i 

, P~» = [(0, d i
), p~ + piJ if s = 1,3 

= [(0, 0), p~ + P~] else. 
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Any mechanism for allocating contracts must deal with the fact that an allocation of 

contracts implies through 1\ a contingent allocation of resources which mayor may not be 

available. The mechanism must restrict allocations of contracts to those that imply feasible 

allocations, ex post, or else a rationing device is really part of the mechanism since without 

it the process of allocation is not fully specified and cannot be adequately analyzed. Below 

we will be specific about such capacity constraints and available supplies. 

Mechanisms, Processes 

A mechanism describes how agents are to communicate with each other to 

determine who holds what contracts and therefore the actual allocation of resources. The 

mechanism encompasses how proposals are made and how outcomes are determined. We 

consider three possibilities each of which could operate over an arbitrary set of contracts. 

All involve communication by the traders through a central location (such as a Public 

Bulletin Board or auction room). 

Random Mechanism 

Description. The random mechanism is operated as a sealed bid process. Each agent 
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submits an order, which consists of a (one period) consumption and an ordering of the 

possible contract types, F. Fonnally m, = <d' ,~, >. The mechanism then picks one i at a 

time, randomly with some probability. Each i 's di is then assigned to their first choice 

portfolio of contracts, if there is enough supply remaining. By enough supply, we mean that 

adding <Ii, di> to the currently allocated contracts does not imply a contingent allocation 

which violates feasiblity. If there is enough supply to fill their first choice, they are allocated 

to their second choice, etc. If there is not enough supply remaining on any! E F, then i 

gets nothing. Notice that since prices are not used to allocate resources, we have imposed no 

charge, but a charge could be levied by requiring allocated users to pay a fixed fee. 

Theory. Each participant contemplating which order to submit must consider the probability 

of being selected given the di requested. More fonnally, for each contract! E F there is a 

subjective probability that when selected an amount di will be still available. Let HI(di ) be 

that probability. Furthennore, associated with each contract! there is a probability PI' 

independent of d, that the contracted quantity will be delivered. Thus, the expected value of 

the message mi is given by: 

H} 1 (di)PI 19i (d i) + [(I·-II} 1 (di»]H} 2 (di)PI ,/ (d i ) + '" + 

[(1- HI (d i» .. . (1- HI (d i»]111 (di)p/ gi(di) 
1 F-l F F 

where! 1 ~j ... ~j! F in the above is detennined by the ranldng ~j from the message mj • 

Hj(d i ) is a monotonically decreasing function, since a larger d
j 

only decreases the 

probability that! will be allocated to i. (We will drop the superscipt i in what follows.) 

LEMMA: Each participant i will choose the ranking ~i according to the probabilities PI' 

That is, ! 1 ~j !" iff PI, > Ph' 

(1) 



Proof' To see this, suppose Pf, > Pf
k 

andik ~j 11 then in (1) we would find 

However, if 11 > Ik then (2) would become 

Thus, the difference in this ranking [(2)-(3)] would result in the quantity 

[. ]Hf1(d)Pflg(d)[HJ,(d)] + [. ]Ht,(d)Pf,g(d)[ -Hfl(d)] = 

[. ]Ht,,(d)Hf,(d)g (d)[Pf.t - PJ,] < O. 

Thus, the first ranking is not better than one stated in the lemma. 

Next, let us consider individual choices under this mechanism. First notice in (1) 

that that if we consider the probability portion of the equation we find 

Hf (d)Pf + ... + [(1 - Hf (d» ... (1- Hf (d»]Hf (d)p,! = H (d) . 
1 1 1 F-l F F 

It is clear then that ~~ < O. That is, an increase in d will reduce the probability that 
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(2) 

(3) 

o 

individual i 's order will fit in contract I (this can be solved by induction and also holds if d 

is a vector). Thus, when an individual submits an order mj the choice of dj will depend on 

his marginal valuation and subjective probability of fitting. That is the individual attempts 

to: 

max "(d) g(d) 

=> g' (d) H(d) + H' (d)g(d)=O 

, , (d) 
or g (d)=-g(d)H ned) 



111 

We notice that the lhs of the above equation is a positive number which is equal to the 

negative of the individuals total valuation of his demand d times the hazard rate. Hence, in 

the experiments with the random mechanism we should find individuals scaling back their 

requests to sizes less than their "largest" projects. 

English Auction of Multiple (Multiple-Dimensional) Contracts 

Description. The English (or increasing-bid) auction is a tatonnemont process that is 

commonly and widely used to auction single items of uncertain value to multiple bidders. 

At each instant there is a potential allocation across contracts, which is common knowledge. 

Any agent can enter a bid at any time. The bid is common knowledge. There is a common 

update rule which specifies how a new bid can create a new potential allocation. The 

process stops when no new bid is made soon enough after the last bid. The potential 

allocation is then the actual allocation. 

For auctions of single items the potential allocation is usually expre[)sed as "the item 

goes to the current highest bidder for their bid," and a bid is "a stated willingness to pay." 

The update rule is that the person bidding becomes "the current highest bidder at that bid" if 

their bid is higher than that of the current highest bidder. If not, no change occurs. 

For multiple contracts of multiple dimensions, the principle is exactly the same. 

There is a supply of each of F contracts to be allocated. The capacity of each is Y E R!. 

[We can easily modify this to accommodate an environment in which y depends on f E F]. 

A potential allocation is a collection of contracts 'I' = <{Cif, bif};£;[(,>!=t where i is 

the trader's name, [(I is the set of traders holding contract type f , Cif 
E R! is i 's allocation 

and b if is i 's payment associated with the contract if, Ci , M). As will also be clear the 
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allocation will always be feasible; that is, . L eif ~ y, V f. A bid is simply a proposed 
JEK, 

contract <f, d i ,pj>. The update rule is also relatively easy to understand. The proposed d i 

of a bid replaces a contract (or group of contracts) in the potential allocation'll if and only if 

. the pi is higher than those the sum of the bids offered by those being replaced. Given the bid 

<f, d i
, pj>, and a potential allocation, pick a subset of K" say R,. If Z, + . L eif ~ d i and 

JER, 

pj ~ . L bi! for all contracts f in the portfolio, where Z, = Y - L eKf , then (f, d i , pj) 
JER, IVEK, 

replaces the collection {(f, ci , bi)}iER, in'll. If there is no suchR, then the new allocation 

equals the old (i.e., i 's bid is rejected). If there are more than one such R" i replaces the R, 

with the smallest value of LjER, bif. Trader i 's potential utility (i 's utility for the potential 

allocation of contracts) is then ~imply the utility of the contingent consumption stream for i 

implied by all contracts held by i in'll: 

where di = 0, and pj = 0 if i ~ K,. 

Theory. Since there are an infinite number of possible mechanisms to allocate the contracts 

we are considering, one might wonder why we are analyzing this English auction beyond the 

obvious reason that it is the natural generalization of a commonly understood mechanism. 

The simplest way to understand is to consider its theoretical properties and the our 

expectations of its performance in the experimental environment. We begin by defining 

several eqUilibria, each of which embodies different hypothesis about the likely behavior of 

agents when confronted with this mechanism. 

Operationally, we notice two facts. First, given a proposed allocation any i can, 
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with a high enough bid, change the proposed allocation to one in which i 's contract! is for 

any amount less than or equal to y. Second, the proposed allocation puts a lower bound on 

how much i must bid in order to achieve any desired allocation with di ~ Y on contract! . 

Let I;i ('I'. ) represent the set of other allocations which i can, unilaterally, cause '1'. to be 

changed to with some bid. Thus, we make the following definition: 

DEFINITION: We call '1'. a non-cooperative equilibrium if A ('1''') is feasible and if 

V i = 1, ... ,N; 

That is, no i can unilaterally improve his position by changing his bid since any bid 

high enough to cause i 's quantity d i to be included in the allocation of contract! will be 

higher than the value of the benefits attained from those d i units of contract! . 

This definition describes the set of allocations which are "stationary" points of the 

English auction. This is a fairly big set, not all of which are desirable. Further, we feel that 

reasonably well informed traders will be able to avoid some of them. We narrow this set by 

first considering a slightly different mechanism. 

Suppose each i chooses a portfolio of contracts Mi = «I, dil ,pil >, ... ,<F ,diF ,piF » 

where dif <y V !. Given M = (M 1" •• ,Mn) a potential allocation of contracts '1'0 (M) is 

chosen as follows: for each! pick [(I to 

such that 
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i is than allocated contract f in the amount of d if
, pif if i E Kf . One can think of this as a 

game, G, with strategies Mi and outcome function '1'* (M), with allocations picked to 

maximize the aggregate stated willingness to pay. 

DEFINITION: '1'* is a Nash equilibrium allocation of G, if'l'* = '1'* (M·) and for each i, 

Vi('I'*) ~ Vi ('1'0 (M*'Mi) 'V M i , where (M·'M i ) is the vector M· with MO replaced by Mi. 

PROPOSITION 1: If'l''" is a Nash equilibrium allocation of G, then 'IV. is a non-cooperative 

equilibrium of the English auction. The converse is not necessarily true. 

Proof' (=» Suppose not, then i has a "bid" which can yield a higher aggregate bid for some 

f and leave i better off. Thus i has a message M which will cause i to be included in K and 

make i better off. Therefore, '1'* is not a Nash equilibrium allocation of G. 

HYPOTHESIS 1: In experimental testing with replications of the English auction of 

multiple contracts with multiple dimensions, the final allocations will be Nash equilibrium 

allocations of G . 

o 

That is, we conjecture that not all non-cooperative equilibria will occur in replicated 

situations when subjects can learn to avoid bad dynamics. Of course what the mechanism 

designer is really interested in is not the equilibria but the efficiency of the eqUilibrium 

allocations. Unfortunately, if the equilibrium hypothesis 1 is valid, then allocations we 

should expect may not be desirable. 

DEFINITION: '1'. is an efficient allocation of contracts if there is no other allocation which 
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makes someone better off and no one worse off. That is, '1'0 is an efficient allocation of 

contracts if for any other 'I' (with l; dif S y) there is some i such that Vi [A('1/)] < Vi [A('I'° )]. 
ieK, 

There are Nash equilibrium allocations of G which are not efficient contract 

allocations since there may be changes in those ~locations involving several traders 

simultaneously which can make all better off. In particular, if, during the auction, there is a 

large user who is part of the current potential allocation and he has a fairly high bid, it may 

be too costly for anyone small user to displace him even if it is possible that several small 

users can together receive more benefits than the single large user and should replace him. 

In this situation unilateral actions by one user are not sufficient to drive the mechanism to a 

more efficient allocation of contracts. 

If omitted users could replace just the marginal units of those users in the potential 

allocation then it would not be costly. To do this, however, users would have to be required 

to express a bid for each unit they wish to buy, yielding an entirely different mechanism. In 

the next section we take a different approach which relies on cooperative concepts. 

English Auction with Queue 

Description. If we are to achieve the efficient performance we strive for, we must improve 

the ability of the mechanism to recognize when to replace one big user with two or more 

little users. Our solution is not only to allow small users to coordinate their bids but to 

encourage them to do so. We create a new mechanism by modifying the English auction in 

two ways. First, any agent can combine with any others, in the potential allocation, subject 

to their agreement, to create a coalition 'Y which then bids if, dYf , pYf) = [J, 1:.;eylif,l;;e.J3if
]. 

The potential allocation is then changed according to the English auction rules treating 'Y as 
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an individual. Second, we encourage combining by creating a public queue in which any 

agent can post a "proposed bid" (f, di , ~i) which they (presumably) would be willing to have 

included in a coalitional bid. 

Theory. Because of the possibility of joint bids from a group y of individual agents, we 

expect different equilibria with the queue than we hypothesized for the English auction 

without the queue. 

Let ~Y(",·) be the allocation of contracts which a coalition ycan cause to become the 

new potential allocation given that '1'* is the current potential allocation. 

DEFINITION: We call '1'. a cooperative equilibrium of the English auction if A ('1''') is 

feasible and if V y!;:;; N 

That is, no coalition can unilaterally improve the position, simultaneously, of all its 

members. 

Remark: If ",. is a cooperative eqUilibrium of the English auction, then ",. is a simple 

eqUilibrium of the English auction since single member coalitions are possible. 

DEFINITION: We say '1'. is a strong Nash equilibrium allocation o{the game G iff 

'1'* = '1'. (M·) and for each coalition yand each joint message MY 3 at least one 

PROPOSITION 2: If'l'· is a strong Nash eqUilibrium of G then ",. is a cooperative 

eqUilibrium of the English auction. 



Remark: An open question is whether the converse is true. 

HYPOTHESIS 2: In experimental testing with replications of the English auction with 

queue with multiple contracts with multiple contracts with multiple dimensions, the final 

contract allocations will be strong Nash equilibria of G. 
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That is, we conjecture that the addition of combining and a queue will cause 

coalitionally stable equilibria to arise (below we will see that the data we have collected so 

far seem to reject this view.) The reason we are interested in this is found in the next result. 

PROPOSITION 3: If",o is a strong Nash equilibrium of G then",· is an efficient allocation 

of contracts. 

Thus, if our hypothesis is correct, the designed mechanism we call English auction 

with queue will yield efficient allocations of contracts. Of course it is important to 

remember that achieving an efficient allocation of contracts does not necessarily yield an 

efficient allocation of resources. That will depend on the constellation of available contracts 

being auctioned. 

An Iterative Groves Mechanism 

Description. This tatonnement mechanism will proceed in time periods 1, ... ,a, ... , prior 

to any realizations of supply. At time a, each i E N privately submits a consistent portfolio 

<f (a), di (a). hi (a». where dif(a) = d if' (a). for all contracts f./' in the portfolio (hence we 

can drop the contract superscript on d i ) (we are using hie .) instead of Pi in the text to 

separate the bid from the payment made by an agent.) For each contract f , define 

Nt (a) = {i EN: f is in i's portfolio at a}. Let 



r(f, 0:) = {y E n (Nf (0:)) : ,1: d j (0:) ~ Y , 
Jey 

Kf (0:) = ar!!,max 1: hi! (0:) , 
yer(f, a) jey 

Yi (f ,0:) = ar!!,max 1: hif(o:) st. 1: dj (0:) + d i (0:) ~ Y 
yer(f,a)jey j 

iq 

Note that not all members of a multi-element portfolio will necessarily be filled. 

Before proceeding to 0: + 1, each i will observe {~i «(f , o:))} as well as 
feF 

{<di
, hi! >f eF }jeN' The process stops at 0: if Kf (0: - 1) = Kf (0:) V I E F. 
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Theory. Given a vector <d (0:» of resource demands, the "price", ~i (f ,0:), trader i faces for 

contract I reflects either the social cost of i being in Kf (0:) in terms of revenue foregone by 

i 's inclusion or the minimum amount h if needed to become a member of Kf (0:), holding all 

other traders' bids hi! constant. The mechanism is also sensitive to the potential combining 

of bids discussed above, since it explicitly searches for the "best" fit in terms of revenue. 

Notice that, if only single element portfolios are consistent then, given <d i (0:» and assuming 

risk-neutrality, bidding one's expected value for a contract is a dominant strategy. This 

follows because, given <di (0:», the pricing mechanism is simply a Groves mechanism. 

Furthermore, assuming risk-neutrality implies that the expected value of a multi-clement 

portfolio is simply the sum of expected values of each contract in the portfolio. Hence, 

given <d (0:», bidding the expected value of each contract in a multi-element portfolio is a 

dominant strategy as well. However, one must still calculate the Nash equilibrium of the 

reduced game over choices of di and Ii to gain any predictive power. 
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Summary of Analysis 

We have four mechanisms: Random, English, English with queue, and Iterative. 

We have three sets of contracts: priority, future, and contingent. Can we compare their 

expected perfonnance? Let us look first at the contract structure. Referring to Figure 9, we 

see that we can compare payoffs in a table as follows: 

Table 21 

Contract Comparisions 

State Probability 
Contract 1 2 3 4 

Priority P l (C,O) (C ,0) (0, C) 0 Pl + P2+ P3 
P2 (0, C) 0 0 0 Pl 

Future Fl (C ,0) (C,O) 0 0 Pl +P3 
F2 (0, C) 0 (0, C) 0 Pl +P3 

Contingent C 1 (C,O) (C ,0) 0 0 Pl + P2 
C2 (0, C) 0 0 0 Pl 
C3 0 0 (0, C) P3 

First consider contracts. It is possible to create a P lout of C 1 and C 3 and a P 2 out of 

C 2' It is possible to create FlOut of C 1 and F 2 out of C 2 and C 3. Thus a bidder is contingent 

contracts has at least as many options as a bidder in either priority or futures contracts. It is 

not possible to create some C out of P or F or to create P from F and vice versa. C is 

called a finer contract structure than P or F. P and F are incomparable. Theoretically, we 

would expect a finer contract structure to yield higher efficiency. We can say nothing about 

incomparabil ty. 

Given a contract structure, we can make several conjectures about the efficiency of 

mechanisms. We expect the Random mechanism to be least efficient since users will hold 

back on the amount of resources requested to increase the probability of being included; they 
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have no way to compete for resources other than by scaling back. Next highest in efficiency 

will be the English auction (because of the non-cooperative equilibrium hypothesis). A 

plausibility argument for this comparison is that the English auction gives larger users with 

higher benefits an opportunity to replace the smaller, less beneficial users that would occur 

in the Random allocation. 

If our hypothesis that the strong Nash eqUilibrium allocation will occur in the 

English auction with queue is correct, then this will produce more efficient outcomes than 

the English without the queue. This is straightforward to prove. In fact the strong Nash 

Equilibrium yields an efficient allocation of contracts. If our hypothesis about the strong 

Nash Equilibrium is wrong then we should observe little difference in the two mechanisms. 

Finally, since the Iterative mechanism is hypothesized to combine users as part of its 

computation procedure, we expect it to yield more efficient equilibria than the English 

auction. This can be proven under a Nash eqUilibrium behavioral model. Whether the 

iterative is better than the English with queue depends on whether strong Nash equilibria 

arise in the latter. Our conjecture is easily stated. If strong Nash eqUilibrium occur in the 

English auction with queue the two mechanisms should be roughly equivalent in 

performance; if not, the iterative should be more efficient. 

We can easily summarize our conjectures about the efficiency performance of each 

mechanism across contract structure. Given any mechanism we expect performance (under 

contract structures) to be ranked by Future::; Priority::; Contingent. The first inequality is for 

time independent benefits. If benefits are time dependent and large in period 2 the order 

would change. Given any contract structure we expect performance (under various 

mechanisms) to be ranked as follows: Random::; English::; English with queue::; Iterative, 



where the perfonnance of English with queue depends on the extent to which the queue 

elicits coalitional behavior. 
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Finally. we have no conjectures. for example. comparing Random with contingency 

contracts to iterative with future contracts. 

None of these rankings implies that the allocations attained are expected to be 100% 

efficient. For example. although strong Nash eqUilibrium of the English auction are Pareto

efficient (if not the coalition of the whole would block), it is easy to see that there are 

potential allocations which are not efficient and from which the users cannot (in the English 

auction) signal their willingness to alter simultaneously their usage for a different fee. It is 

highly likely therefore that allowing separate markets for each dimension of Y in each 

contract could improve this efficiency of the English auction by creating more opportunities 

to signal marginal benefits. If Y2 is reliable and Y 1 is not we might expect priority 1 on Y 1 to 

be combined with priority 2 on Y2' The relative eqUilibrium prices would reflect the benefits 

from improving reliabilities. Thus, ify = (yl'Y~ one can in principle order a priority of 

either 1 or 2 for Yl and a priority of either 1 or 2 for Y2' Although a priority of Ion Yl may 

not be much good without a priority 1 on Y2. the availability of 2 markets should allow users 

to judge better the individual and efficiency gains from substituting Yl for Y2' 

In the iterative process this may be less of a problem since that mechanism is an 

attempt to implement the demand revealing process withollt requiring messages that 

describe the entire demand sUifacc. It is not known whether iterated infonnation on the 

willingness to pay for each vector is sufficient to discover an efficient allocation or whether 

infonnation on the marginal willingness to pay for each resource is needed. If the latter is 

important, then separate contracts in for example Y 1 and Y 2 will improve the efficiency of the 
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iterative mechanism. If the former, then additional markets will provide little gain in 

efficiency. 

Experimental Design 

Environmental Structure 

The economic environment presented to the subjects in the experiments was one 

consisting of two goods (X, Y) in fixed supply, two dates (I = 1,1 = 2) and two possible 

outcomes (g, n). The tree structure for the experiments is found in Figure 1 on page 4. The 

quantity of the goods for time period 1 would be available (g) with probability PI and 

unavailable (n) with probability (1 - PI)' i.e., either the quantity is totally available or there is 

no quantity available for consumption. For time period 2 again there was a {I, O} event of 

availability with probability 1'2 for g and (1 - p~ for n which were independent of the time 

period 1 outcomes. Table 2 shows the exact parameters used to represent the supply side of 

the experiments. 

Time period 

1 
2 

Table 22 

Supply Parameters 

Quantity of 
X Y 

20 
20 

20 
20 

Probability of 
Availability 

PI = 'JJ3 
P2 = 112 

Thus, for the priority contracts the probability that at least one X = 20, Y = 20 capacity will 

be available is 1'11'2 + PI (1- Pv + (1 - 1'1)1'2 = 5/6 and the probability that both X = 20, Y = 20 

capacities will be available is PIP2 = 1/3. That is, we can identify two priority contracts 
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associated with Figure 1 which we will define by markets 1 and 2 respectively. 

The demand side was represented by induced valued (see Smith, 1976) monetary 

functions that were time independent, i.e., for subject i = I, ... , n values were represented by 

Vi (Xi' Yi), (Xi. Yi) E Si' In terms of the problem we were interested in investigating, the (Xi. Yi) 

choices confronting the subjects are similar to those faced by a space station payload 

operator who must design an instrument and use some station resources to produce some 

output, if he can get a shuttle lift to the station. Hence, the valuation function can be thought 

of as a solution to the following problem maxR (Q) - C (k) - p (x. y) subject to Q == F (x, Y; k) 
k 

where k are design parameters, Q is output. R is the benefit function, C is design cost, and p 

is resource prices. 

In the experiments only discrete amounts were available for the (x. y) choices. In 

particular, each subject was given a 3 x 3 matrix of values corresponding to his nine possible 

choices. There are two reasons for this. First, the experimental design was selected to make 

the fitting of demands a difficult task. If the mechanisms we are considering work well in 

this environment, they can easily be modified for operation in a more continuous demand 

structure (see Banks, Ledyard, Plott, and Porter (1986), for a design with continuous demand 

surfaces). Second, the nature of the resource requests and design choices for Spacelab type 

instruments is best approximated by discrete demands. The actual valuation tables used in 

the experiments can be found in Appendix B. Subjects could only use the nine discrete 

choices available to them on the valuation sheets to make decisions. We used six subjects 

per experiment and we randomized the six valuation sheets to the participants after each 

market period in each experiment. 

The specific parameters chosen for the experiments required a computer search since 
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the number of combinations that can fit in the available capacity limits and still have action 

in the market is sizable given six 3 x 3 matrices of choices. The computer program was 

written to determine the total number of combinations that could fit in both markets (priority 

contracts). The distribution of efficiency (% of optimal expected value) can be found in 

Figure 10. The selection rule for the parameters in our design was quite subjective. First, 

we did not want the optimum (in terms of expected value) to be far from the next available 

combination that fit. Second, we did not want the distribution to be so flat that any 

mechanism would yield extremely high efficiencies. The fmal selection was made after 

some pilot experiments we conducted to determine if the was "enough" action in the 

markets. 

We use the expected value of subject valuations (payoffs) as a measurement to 

evaluate overall system performance since we wanted to value the system prior to revelation 

of actual states without regard to risk preferences of the participants. Table 23 presents the 

configurations that maximize the expected value of the system using priority contracts in our 

tree structure. 

In order to provide a feel for the potential efficiency of the mechanisms to follow, 

we show in Figure 11 the distribution of the efficiency of a random selection of 30,000 

combinations of configurations which fit in the capacity constraints. The combinations were 

found as follows: first an individual valuation sheet i was randomly selected and then one of 

its configurations (Xi' Yi) was randomly selected. Next, an individual valuation sheet j ¢ i 

was randomly selected along with one of its configurations and was placed in the allocation 

if (Xi + Xj) ~ X , (yj + Yj)~ Y for either priority market. This process continued until the set of 

available valuation sheets was exhausted; then the effiCiency in terms of expected values was 
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Figure 10. Distribution of Combinations 
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calculated and the selection process started over again. Notice that the lowest possible 

efficiency level is in the 20-30% interval and that 85 percent of the distribution mass is 

between 75% and 40%. Hence, if we were to use the random mechanism for allocating 

priority contracts we would expect efficiency in the range 40%-70%; selections near the 

75% efficiency would result from individuals making selections with respect to relative 

marginal valuations. Furthermore, the distributions in Figures 10 and 11 define a posterior 

distribution to determine our test statistics. That is, nOlmality of the population cannot be 

assumed in developing the test statistics in the analysis of comparative mechanism 

efficiencies in our experiments. 

Table 23 

Optimal Configuration 

Configuration for first available Configuration for next available 
X = 20 Y = 20 capacity X = 20 Y = 20 capacity 

Sheet X Y Value Sheet X Y Value 

1 12 9 $3.25 4 8 12 $2.75 
2 5 4 $2.00 5 12 7 $2.50 
3 3 6 $1.25 

Total 20 19 $6.50 20 19 $5.25 

Therefore, the maximum Expected Value = (5/6)($6.50) + (113)(5.25) = $7.17. 

Notice that the total capacity available (20 x 20) is not used up at the optimum. An 

interesting treatment might be to discover whether reducing the capacity to 20 x 19 would 

affect the results we will present here. Next, as can be seen in Table 23, the priority 1 

configurations required that the subjects x = 5, Y = 4 and x = 3, Y = 6 maintain an effective 

blocking "coalition" so that they cannot be replaced by configurations of participants not in 

market 1. Furthermore, if we look at the valuation sheets found in Appendix B the 
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individual with the x = 5, Y = 4 configuration has a x = 5, Y ='9 with a value of $2.25 and the 

x = 3, Y = 6 configuration has a x = 3, Y = 10 with a value of $1.50, so some tension to 

deviate remains in the coalition. We also find that if the x = 12, Y = 9 configuration changes 

to x = 12, Y = 13, then there should be considerable action to contest or fit with a larger 

configuration by the remaining participants. Thus, even though the numbers used for the 

experiments are rather contrived they will supply a "hard" test for any mechanism to 

coordinate demands and priority. 

Allocation Schemes 

For the expelimental environment described above, six contract/mechanism pairs 

are possible. The mechanisms are random assignment, an English (with or without a 

standby queue)-type oral auction, or the iterative Groves. Each of these mechanisms can 

be studied using priority or contingent contracts. In this paper we concentrate on allocating 

priority contracts with some extensions to contingent contracts. 

Random Process-Priority Contracts. For this treatment subjects were told that there were 

two markets (corresponding to the outcomes {(g, n) and (n, g)} and (g, g) in Figure 9) each 

with capacity X = 20, Y = 20. Subjects could submit one order consisting of an x and y 

configuration. The orders were then collected and randomly selected ~me at a time from a 

box and placed in the first available market with capacity available in accordance with 

preference rankings. When all the capacity or orders were exhausted a die was rolled. The 

orders in market I were filled if any of the numbers 1 through 5 appeared and the orders in 

market 2 were filled if the number 1 or 2 appeared. These probabilities were known by all 

participants prior to placing their orders. If a participant's order was filled he/she would 
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receive the value associated with the configuration they ordered. 

Random Process-Contingent Contracts. In this mechanism the sequence of events in the 

tree structure of Figure 9 is explicitly recognized. The three outcomes (g, g), (g, n) and 

(n, g) were to be allocated randomly. Participants were asked to submit an order with an x 

and y configuration along with a preference ranking over the five consistent portfolios (g ,g), 

(g, n) and (n, g) and {(g, n) and (n, g)}, {(g, g) and (n, g)}. These markets were labeled 1, 

2,3, 1 and 3, and 2 and 3 respectively. The orders were then collected and randomly 

selected one at a time and placed in the first available market with capacity according to the 

ranking on the order form as they are drawn. When all the capacity or orders were exhausted 

a die was rolled twice. If the numbers 1 through 4 appeared on the first roll the orders in 

market 1, and market 1 and 3 would be filled. If the numbers 1 through 4 appeared on the 

first roll and 1 through 3 appeared on the second roll the orders in market 2, and market 2 

and 3 would be filled. If the numbers 5 or 6 appeared on the first roll and the numbers 1 

through 3 appeared on the second roll the orders in market 3, and market 2 and 3 would be 

filled. If a participant's order was filled he/she would receive the valued associated with the 

configuration they ordered. 

English Auction with Queue-Priority Contracts. When the market opened a subject would 

submit an order to a market or the standby queue, an x and y choice, and a bid by raising his 

hand and being identified. His order would be accepted if it could fit within the available 

capacity of the market requested~ or displace existing orders with lower bids, or the standby 

queue was requested. The purpose of tlle standby queue was to allow subjects to signal 

configuration choices and to com bine bids so as to enter markets together to displace other 
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orders. However, the combined orders were separate if they obtained an alloc·ation in a 

market. The reason for this feature is easily seen in the design chosen for the experiments. 

From Table 22 the optimal combination of orders in market 1 is a very tenuous fit since the 

valuation sheet with the x = 12, Y = 9 configuration also has an x = 12, Y = 13 possibility, so 

that if there is a deviation from this member to the larger size its best "fitting" member in 

value terms is x = 5, Y = 4. However, the x = 3, Y = 6 combined with the x = 9, Y = 7 

configuration of valuation sheet 5 (see Appendix B) could displace the x = 12, Y = 13 

configuration. Thus, if individuals could not indicate the intentions to form "coalitions" to 

displace other orders then there would exist a potential inefficiency not specifically 

accounted for in the mechanism. Hence, a standby queue was utilized to "help" in this 

signaling process. However, if a subject wanted to use the standby queue he had to indicate 

which market the bid was tendered for. Furthermore, if a subject's bid in the standby is 

combined with another order any standing order the subject had in a market was canceled. 

This provision can cause some cycling since the bid improvement rule is somewhat 

bypassed. Finally, to aid in the search process of the best configurations, subjects were 

allowed to move an existing configuration to other markets and/or change their 

configuration/bid if it could fit in the available capacity. However, if a subject did change 

his configuration in a market he had to better the bid of the total orders he was displacing 

including (if necessary) his original order. For example, suppose the orders in market 1 were 

as follows 
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Market 1 

Subject X Y Bid 

2 12 9 $1.50 
4 5 4 $1.00 
5 3 6 $.75 

Then if subject 2 wanted to change his configuration to x = 12, Y = 13 he would have to bid 

more than $2.25. The bid improvement increment was set at 5 cents. Furthermore, if a 

subject had one of his orders in the standby queue "picked up" any standing order the subject 

had in either market 1 or 2 was canceled. If an order was displaced the subject was allowed 

to reorder through the process above and submit any feasible order he/she wanted. The 

auction stopped when there were no new orders or order changes with 20 seconds of the last 

order. When the market closed a die was rolled. If the number 1 through 5 appeared the 

orders in market 1 were also filled. If the numbers 1 or 2 appeared the orders in market 2 

were fIlled. If an order was filled the subject was given his redemption value minus his bid. 

If a subject's order was not filled his bid was subtracted from his accumulated earnings. If a 

subject did not have an order in a market the subject received zero earnings for the market 

period. At the beginning of the experiment each subject was given 7 dollars of working 

capital to add to his earnings since losses in any market period were possible. 

The improvement and stopping rules outlined above were selected as the result of 

some pilot experiments we conducted using various possibilities. In one pilot, we used the 

same ordering process as above, except that subjects could remove existing orders and 

change bids up or down while in a market. There was no standby queue, but combining to 

move to different markets was allowed. The stopping rule for the process was a time 

limitation, i.e., the market closed after 10 minutes. As should perhaps be expected, not 
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much committed bidding occurred for the first 7 to 8 minutes but a flurry of orders appeared 

at the last minute. This activity led to underutilized capacity at the market close and to low 

efficiency. 

English Auction with Queue-Contingent Contracts. The only differences between this 

mechanism and the previous mechanism are that: 

a) Three markets were employed in accordance with the tree structure found in 

Figure 9. Orders could be submitted for markets 1,2, or 3 separately or the market 

combinations 1 and 3, and 2 and 3. Thus, subjects could not have orders simultaneously in 

markets 1 and 2. The last order submitted by a subject replaced existing orders of the 

subject. Finally, if a subject had orders in two markets the orders had to have the same 

configuration. 

b) The costs in a market period for a subject was the sum of his bids for each market 

where he has orders at the market close. Orders would be filled using the same chances 

found in the Random Process with contingent contracts. Earnings for a market period would 

be equal to the redemption value of the orders filled minus costs. 

English Auction without Queue-Priority Contracts. This mechanism is identical to the 

above except that no standby queue was available. 

English Auction without Queue-Contingent Contracts. This mechanism is identical to the 

English auction with Queue - Contingent Contracts above, except that no standby queue was 

available. 

Iterative Groves-Priority Contracts. From section B.3.d. we notice that the determination 
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of allocations and the calculation of individual prices is an enonnous task which cannot be 

done by hand in an effective manner. Thus, for this mechanism, all communication and 

calculations were made using a network of personal computers (PCs). The PCs were 

connected on a local area network with a controller PC being the center where messages 

were received, prices were calculated and allocations were detennined, and then this 

infonnation was transmitted back to subjects. The network and software used for the 

experiments was developed at the California Institute of Technology where communication 

is conducted through the PCs' serial ports (RS-232) and connected in a ring (a token ring). 

At the beginning of a trial in a market period an individual would submit a 

configuration (x, y) and select either Market I or Market 2 (but not both marlcets). The 

subject would then enter a bid for the configuration. Thus, the message submitted by i 

would be a configuration, a contract and a bid. i.e., {(x, y),J , II)}. This message was sent to 

the center. After each individual sent in his message the center calculated the provisional 

alloc('ltion and prices for each individual (see section B.3.d.). Thus each individual received 

the provisional traders in each contract and their configurations based on the trial messages. 

In addition, each subject received a private individual price message which described 

his potential payment if the were part of the proviSional allocation, or the amount he would 

have had to bid in order to have his configuration in the provisional allocation (a Cournot 

type price). Furthermore, each subject had displayed on their screen the last two trials of 

the history of provisional allocations and prices of the process. 

The stopping rule for allocating the contracts was partially sequential. In particular, 

the process stops if the same subjects and configurations are in the markets (contracts) three 

times in a row (rule A). Otherwise, Market 1 closes after t 1 trials are exhausted; Market 2 
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closed after t 2> t 1 trials if rule A is not executed. 

Finally, the only restrictions on the individuals messages were that hi > 0 for each 

trial, the (x, y) must be one of i 's nine choices, and a subject could submit a bid for Market 1 

or Market 2, but not both markets in a trial. Thus, we notice that there is no ratchet 

(improvement) rule of individual bids in the process. Notice then that a bid is not 

necessarily binding because one can bid "very high" in trial t and then bid zero in trial t + 1. 

We initiated these set of rules to allow individuals to "easily" search for combinations. 

Iterative Groves-Contingent Contracts. This is the same as the above process except that 

we have three markets for participants to consider. 

While we have given a description of the experimental implementation of the 

contracts and mechanisms developed in the theoretical section we have not conduct any 

experiments with contingent contracts and the allocation schemes English auction with 

Queue and Iterative Groves. The instructions for the experiments using the allocation 

schemes delineated above can be found in Appendix C. 

Summary of Design 

The box below summarizes the experiment treatments and classification of our 

investigation. 
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Box of Experiment Classification/Treatments 

Contract Fonn/Mechanism Random English Iterative 

Priority 1 2 3 
Priority with Queue 4 
Contingent 5 6 7 
Contingent with Queue 8 

The focus of the following preliminary investigations will consider treatments 1, 2, 

3 and 4 with some results for 5 and 6. In addition, there are two further treatment variables 

of importance for future investigations. First, the current payment rule in the English and 

Iterative mechanisms requires that payment occurs whether or not delivery is made. The 

rule could be changed to allow for payment if and only if delivery is made or some 

combination of fixed fee and contingent-delivery price (see Banks et al., 1986a, for a 

description of a two part price for priority when output is variable). The other treatment is to 

consider the use of futures contracts; this, of course, would be of must interest if the 

structure of demands were to be changed so that benefits are time-dependent. 

Table 24 contains the relevant infonnation for each experimental session. Recall, 

for each session, we randomized the redemption value sheets each market period. 

Experimental Results 

Measurement 

Because of the questions that motivated the experiments, we measure the overall 

perfonnance of the mechanisms by using expected value of efficiency. Measuring 

perfonnance of the mechanisms via expected values does not necessarily measure the ex 

ante efficiency of mechanisms since it does not account for the risk preferences of the 
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Table 24 

Parameters of the Experiments 

Exeriment Mechanism Contract Subj ect Number of 
~oQl. -f.er.i.n.d ~ 

1* Random Priority Cal tech 2 
2* Random Priority Ca1tech 3 
3 English Contingent Ca1tech 5 
4 Random Contingent Cal tech 2 
5 English Contingent Cal tech 4 
6 Random Contingent Cal tech 3 
7* Random Priority Cal tech 2 
8 English Priority Cal tech 5 
9 English Priority Cal tech 5 

\.;rith Queue 

10 English Priority Cal tech 5 
with Queue 

11 English Priority Cal tech 5 
12 Random Priority PCC 5 
13 Random Priority Cal tech 5 

14 English Priority Cal tech 5 

15 English Priority Cal tech 5 

with Queue 

16 English Priority PCC 5 
17 English Priority Cal tech 5 

,.;rith Queue 

18 Iterative Priority Ca1tech 5 
GrOVE:S 

19 Iterative Priority Cal tech 5 
Groves 

20 Iterative Priority Cal tech 5 
Groves 

21 Iterative Priority Cal tech 5 
Groves 

tI. These experiments were conducted in conjunction with pilot experiments testing 
various fonns of the English auction process. 
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subjects. In addition, we did not attempt to control for risk attitudes. Nevertheless, we are 

interested in the ex ante system perfonnance as if the implementor is risk neutral over the 

value assignments of the subjects. Observing how well the system generates values near to 

the maximum expected value of efficiency does provide a measure. We shall also consider 

the extent to which revenue is generated for our different treatments in the English auction 

along with the iterative Groves. Finally, we will consider some aspects of individual 

behavior and Nash equilibrium outcomes. 

Overall Mechanism Perfonnance 

The mean efficiency (percent of the maximum expected value) and the associated 

standard deviation and coefficient of variation for each mechanism can be found in Table 25. 

We see that both the English auction and Iterative Groves mechanisms generates efficiencies 

near the 80% level, while the Random mechanism produces efficiencies close to 65%. 

Figure 12 provides the histograms of efficiency for each of the mechanisms. While this 

difference may not seem substantial, recall that the distribution of combinations found in 

Figure 11 shows that there are few relative choices that can produce efficiencies above 75%. 

If we were to use this as our posterior distribution, we would place a higher weight on 

observations with higher efficiencies. The nature of the underlying distribution of 

combinations found in Figure 11 suggests the use of nonparametric methods for our 

statistical analysis. We will use the Wilcoxon Rank Sum to test the equality of distributions 

of efficiency generated by each mechanism. In particular the z scores to be reported are 

derived from test the hypothesis of equality of distributions versus strict inequality of 

distributions. Table 26 provides the Wilcoxon rank sum test for each mechanism using the 

data from all periods. 



16 

LEGEND 
14+ ~ EQP 

>- 12 till EP 
(.) 
z ; ~RP w 
=> 10 
C1 

~ IS 
w 
0:::: 
L1-

a 

6 

4 

2 

o I ~-J).' t>q--J ~ N l.fl>4-J">1 l.4>q N LLl!'Xf L'-, lLIXI pq ''''' lLIXI 1>1 N 

0-70 72-74 76-78 80-82 84-86 88-90 
70-72 74-76 78-80 82-84 

% INTERVALS 

Figure 12. Histogram of Efficiency 

8f3-88 

....... 
w 
co 



139 

Table 25 

Efficiency by Mechanism (priority Contracts) 

Mechanism Il cr v Range 

Random (RP) 63.5 10.0 .16 [39,76] 
Iterative Groves (IG) 77.9 6.8 .09 [60,91] 
English Auction (EP) 77.7 4.1 .05 [71,86] 
English Auction 80.8 4.0 .05 [72,86] 

with Queue (EQP) 

Table 26* 

Rank Sum Test (All Periods) 

IG EP EQP 

RP Z =4.36 Z =4.72 Z = 5.04 
0.= .000 0.= .000 0.= .000 

IG Z =-.004 Z = 1.58 
0.= .480 0.= .060 

EP Z = 2.12 
0.= .017 

• a. indicates the level of significance. 

Our statistical measures in table 26 support the hypothesis that the English auction 

outperforms the Random mechanism. The treatment of the queue in the English auction 

produces slightly higher levels of efficiency. Hence we can rank the mechanisms by 

efficiency as follows: 

RP <EP <IG <EQP 

(EQP -IG)«EQP -EP) «EP -RP). 

Next, if we consider later periods in the Random mechanism, we find that the level 

of efficiency increases. In particular, the mean and standard deviation of efficiency for 
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periods 3 and above is 69.4 and 5.4 respectively. Thus, we see that efficiency increases with 

repetition in the Random mechanism (the reduction in the standard deviation in the later 

periods suggests that these higher efficiencies will be maintained). See Figure 13 for the 

time series data. A preliminary explanation of this trend is based on individual choices 

which select larger projects in early periods and smaller projects in later periods. As an 

indication of this fact, Figures 14 and 15 provide the excess capacity per dimension by 

period. 

For the English auction with and without a queue and the Iterative Groves, there is 

no significant effect of repetition. In particular, the mean efficiency per period is found in 

Figure 16. The mean efficiency for periods 1 and 2 was 77.1 for EP, 81.6 for EQP, and 76.8 

for IG, while the mean efficiency for periods 3 and above was 78.1 for EP, 80.2 for EQP, 

and 78.6 for IG. Furthermore, the English auction yields stable levels of efficiency (see 

Figures 17 and 18). 

Finally, Table 27 provides the descriptive statistics for the treatment of contingent 

contracts across mechanisms (except for the English auction with queue and Iterative 

Groves). The main aspect of this data to notice is that the introduction of these contracts 

does not improve efficiency (see Figures 20 and 21). 

Table 27 

Efficiency by Mechanism-Contingent Contracts 

Mechanism 1.1. 

Random (RC) 63 

English Auction (EC) 78 

0' V 

9 .14 

3 .04 

Range 

[48,73] 

[73,81] 
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In summary, we see that the English auction and Iterative Groves mechanisms 

clearly outperform the Random mechanism in terms of our measure of efficiency. The gap 

in efficiency is reduced but not eliminated when the random process is repeated with the 

same subjects. The addition of the queue in the English auction improves efficiency, but 

only slightly. The addition of contingent contracts does not improve efficiency. 

Revenue Generation 

Since the English auction solicits bids from subjects it is appropriate to see how 

much revenue is generated by our various treatments. Specifically, on the theoretical 

grounds the EQP should be more efficient than EP. Does this mean more revenue from the 

process, or does the ability to form "coalitions" via the standby queue reduce the revenue 

generated? Tables 28 and 29 provide the mean revenue (total and by market) for each 

treatment, and the associated standard deviation and coefficient of variation. Figure 22 

provides the histograms of the overall revenue generated from the processes. 

Table 28 

Total Revenue Generated 

Treatment Jl cr v Range 

EP 404.5 48.7 .12 [284,475] 
EQP 475.7 52.0 .11 [375,560] 
IG 388.4 118.2 .30 [210,656] 
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Table 29 

Revenue by Market 

Market 1 Market 2 

Treatment ~ tr' V" Range ,tI.. a- V' Ran~e 

EP 302.2 52.9 .18 [154,365] 102.3 22.6 .22 [70, 145] 
EQP 353.7 36.2 .10 [300,425] 122.0 27.5 .23 [75,185] 
IG 284.1 85.1 .29 [160,449] 108.1 66.3 .61 [0,240] 

From Table 28 we see that the addition of the standby queue results in a higher 

mean revenue. If we look at the revenue generated by markets we see that with a queue, the 

volatility of revenue is fairly low for market 1 and high for market 2. Without a queue, 

revenue from each priority contract is relatively volatile. Of course, priority 1 contracts 

received higher bids. Specifically, priority 2 contracts have a mean bid 1/3 that of priority 1 

contracts. Table 30 supplies the rank sum and t tests for the overall revenue generated by 

each of the English Auction treatments, while table 31 provides these same tests of each of 

the markets. 

Table 30 

Rank Sum and t Test for Overall Revenue Generated 

EP 

EQP 

EQP IG 

Z = 3.69 t = 3.59 Z = - .65 1=- .55 
a=.29 a=.OO a=.07 a=.25 

z = - 2.85 t = - 2.95 
a=.OO a=.OO 
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Table 31 

Rank Sum and I Test in Priority Markets 

Market 1 (EQP) Market 2 (EQP) 

EP Z = 2.25 I = 2.48 Z = 3.69 t = 4.45 
ex= .01 ex= .01 ex= .00 ex= .00 

We see that the existence of the standby queue results in significantly higher 

revenues and this higher revenue comes from higher revenue generated in both markets 1 

and 2. If we look at the time series of the overall revenue per mechanism in Figures 23-31 

we notice a slight upward trend in the revenue in EP which is traceable to the revenue 

generated in market 1. No such trend is found by examining the time series for EQP. Table 

32 supplies the mean for periods 1 and 2 and periods 3+ for each mechanism. From Table 

33 we notice that this trend is significant (the same is true for 10.) 

Table 32 

Mean Revenue 

Periods 1 and 2 Periods 3+ 

EP 374 425 
EQP 470 480 
IG 351 413 
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Table 33 

Wilcoxon Rank Sum 

EP3+ EQP3+ 

EP 1 and 2 2 =2.65 2=4.44 
0.= .00 0.= .00 

EQP 1 and 2 2 = 2.29 2 =.35 
a. = .01 0.= .36 

EQP3+ 2 =-2.68 
0.= .00 

Since the only difference between EP and EQP is the standby queue, it is natural to 

examine its utilization in the experiments. Figure 36 supplies the time series utilization of 

the standby queue in our four experiments. The trend in the utilization of the standby queue 

is downward, but seems to be experiment dependent. Figure 37 provides the mean use of the 

standby queue by period vs the respective mean revenue by period. We see that the use of 

the standby queue and revenue generation are unrelated. We have not yet determined the 

exact cause of the higher revenue from the standby queue. 
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Table 34 

Revenue from Ee 

Market 11 0- V Range 

Market 1 273 33 .12 [215,315] 

Market 2 137 30 .22 [90, 175] 

Market 3 82 23 .28 [55, 125] 

Total Revenue 492 70 .14 [390,585] 

Finally, table 34 supplies the descriptive statistics for the revenue generated by 

contingent contracts in the English auction without a queue. We note that these preliminary 

data suggest that the use of contingent contracts generates more revenue. In addition, while 

market 1 has a relatively stable revenue component, markets 2 and 3 exhibit a higher 

variation in their revenue patterns. 

It is clear that the English auction generates a significant amount of revenue. One 

question that remains is whether the increase in revenue in the English auction is offset by 

the increased efficiency gains so that subjects as a whole are better off participating in the 

English auction than the Random process. For this design, the answer is no. The Random 

process generated a total of $3.03 more in total expected subject payments per period. 

Individual Choice 

Random Process. As we mentioned previously, we would expect the RP to generate choices 

which are consistent with "scaled down" projects. Specifically, from the redemption value 

sheets in Appendix B, notice that if each individual chose the largest project only one order 

would be available per market. However, if each subject chose his smallest project everyone 
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could fit in one of the markets. Out of the 102 orders filled in RP, six orders submitted were 

an individual's smallest project while nine orders had the largest project submitted. Table 

35 generates the average size (x, y) submitted by subjects over time. This table exhibits an 

updating phenomena on the part of the subjects. 

Table 35 

Average Project Size Submitted per Period 

Period Mean (x,y) 

1 (9.4,8.9) 

2 (8.5,9.9) 

3 (7.7,8.3) 

4 (6.9,6.8) 

5 (8.1,8.7) 

A~ further evidence of this behavior notice that the valuation sheets (Appendix B) 

show that the project in the middle of each sheet is less than or equal to 10 units in each 

dimension, while any increase in the X or Y dimension from the middle results in an X or Y 

greater than ten, with the exception of sheet 3. Thus, if we look at the number of projects 

submitted whose X and Y values are less than or equal the project in the middle of the sheet 

or less, we find they constituted over 80 per cent of the submitted orders. Hence, the 

Random process tends to push projects to smaller sizes. 

As a final note, the ranking of markets by probability (see Lemma 1 ) was never 

violated by a subject in the experiments. 

English Auction. Two related aspects of individual (or equilibrium) behavior will be 
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discussed here. First, do subjects actually use expected value calculations in their bidding? 

Specifically, did any subject in the accepted allocation, bid more than the expected value of 

their project? Second, given the rules of the auction and ignoring the dynamics, were the 

final allocation and bids a Nash equilibrium? That is, using expected values, could anyone 

change his bid (x, y , b) without violating the auction rules and be made better off? 

To answer the first question, Table 36 supplies the number of allocations/bids which 

had an individual bidding more than his expected return in that market. 

Table 36 

Number of Bids above Expected Value 

EP 

EQP 

Market 1 

1 

4 

Market 2 

2 

4 

We notice that there is very little bidding above expected values (less than 10% of 

the total winning bids), with no general tendency of "overbidding" in either market. 

Furthermore, while EQP looks as though it is creating more overbidding the number is 

misleading, since four of the overbids in Table 36 for EQP came from one subject. 

However, if we look at the same statistics for the case of contingent contracts in Table 37 we 

find overbidding in the low probability markets and that a total of 15% of Lhe win..ning bids 

are overbids. 
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Table 37 

Number of Bids above Expected Value by Market 

Market I Market 2 Market 3 

134 

Turning next to the question of Nash eqUilibrium behavior (in the expected value 

sense), we have found little support for such bidding behavior. Specifically, there are no 

Nash equilibria in any of the 20 allocations of EP and only four of 20 allocations in EQP. 

This result might be explained by risk averse behavior on the part of subjects in our 

experiments. Let us consider a weaker condition of Nash eqUilibrium behavior by defining 

the following: 

DEFINITION: We call (xt, yt, ~t) i = 1. ... . n an e-Nash Equilibrium if the response 

(xt, yt, ~t) is i 's best play given the final allocati?n <{C if
, bif}iEK

t
>f=l such that 

[Vi (Xi·' yj*) - btl E [0. el, where (xt. yt) = (0. 0) and bt = 0 is a possible response. 

The definition above says that if the final allocation has no responses which could 

make an individual at least e better-off. then it would qualify as an e-Nash eqUilibrium. 

Figure 38 supplies the cumulative distribution of e-Nash equilibria in our experiments. 

Notice that for any given e EQP generates a larger number of Nash responses than EP. 

Figure 39 provides the number of best responses per period in the experiments. 

Do the non-Nash responses come from individuals already in a market or from those 

not yet in a market? The answer is that individuals in market 1 are almost always (lout of 

59) best responding. Only 27% (15/56) of the non-Nash responses come from subjects in 
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market 2 for EP and 33% (11/33) in EQP. These facts suggest subjects may be "standing 

pat." However, most of the non-Nash responses are from subjects who are not yet allocated 

space in a market. Further, the non-Nash responses are subject specific with 50% of the 

subjects supplying 68% of the non-Nash responses in EP and 79% in EQP. 

The main purpose of these experiments was not to test Nash behavior, but some 

aspects of the experiment design became clear in calculating such responses. For example, 

Table 38 provides a Nash equilibrium and represents one of the highest efficiency (88%) 

allocations without coalitions. The bids represent the lowest bids that maintain these as a 

Nash eqUilibrium. Notice that the expected profit is rather low for these participants so the 

benefits for maintaining Nash responses is low. 

Table 38 

N ash Configuration 

Sheet x y Bid Market E(1t) 

1 12 9 220 1 $.51 
3 5 9 145 1 $.43 
4 8 12 55 2 $.37 
5 12 7 55 2 $.28 

Since the values are in francs, the E (n) can be changed by adjusting the franc/dollar 

conversion ratio to a(E(n». This is a possible treatment change in future tests of the English 

auction. 

Finally, we consider the question of whether subjects in the treatment with 

contingent contracts insured against a loss in markets 1 and 2 by simultaneously having a.T} 

order in market 3. During the experiment individuals clearly wanted to be in simultaneous 

markets, but the final outcomes show that in only five out of a possible 36 orders was a 
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subject in simultaneous markets at the market close. 

Iterative Groves. In terms of individual behavior we can ask two pertinent questions about 

the data. 1) Did individuals bid expected value (demand revealing) or less (for risk 

aversion)? 2) Were there any discemable "strategic" bids made during a market period? 

The answer to the first question is rather interesting in that many of the bids made 

during a market period were above expected values (27% of the bids) and this was even true 

on the last trial in a period (11 % of the bids). This behavior did lead those individuals 

employing those bids to pay more than their value to get a contract. Those making such a 

loss did not repeat this bidding behavior after a loss (or after obtaining prices above expected 

values). In general. bids were below expected values. 

Two particular aspects of strategic behavior employed by subjects were an attempt 

to gain information about other individuals bidding behavior. First some participants would 

not participate in any market (a bid of 0) to see what their price would be and have no effect 

on the prices of individuls who were provisionally selected. Second. the process was push to 

the final trials (85 % of the time for market 1 and 75% of the time for market 2). 

While the Iterative Groves mechanism is more efficient than the Random 

mechanism it does not produce 100% levels of efficiency. Furthermore. it does not produce 

stable levels of efficiency. Superfically. this instability can be traced to the fact that the 

process was pushed to the final trial in many cases and thus the final bid was somewhat 

random. Finally. it should be noted that many times during a market period near 100% 

allocations were provisionally selected but the coalitions could not hold together. 
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Concluding Remarks 

The experiments reported above lay the ground work for an extensive treatment of 

the subject of allocating an uncertain supply over time. There are a number of interesting 

and potentially insightful possibilities for such studies. In particular, the explicit 

introduction of futures contracts with time-dependent demand along with random supply 

seem warranted. The use of different parameters on demand (continuity) should be 

investigated along with mechanisms that price both dimensions (x. y) separately. Models 

with risk averse behavior need to be developed to better explain the results we have found. 

Finally, a design to clearly separate priority and contingent contracting should be developed 

if one wants to seriously test their differences. 



CONCLUSIONS 

In the preceding pages, we have attempted to develop and experimentally test various 

decentralized methods to allocate resources for a space station orbiting the Earth. The 

essential features of the space station economic environment that have framed the 

mechanisms that we have investigated are: 

a) Large fixed/common costs which do not allow full cost recovery from traditional 

marginal cost pricing. 

b) The uncertainty of resource availability during the operations of the station requires 

contingent planning or the allocation of prioritized resource use. 

While these two features have guided the analysis presented in this paper the 

motivation has been to develop decentralized systems to efficiently allocate resources. We 

have argued that traditional cost-benefit analysis (cost-based pricing) has not and cannot be 

depended upon to detennine economically efficient allocations. It is clear that to obtain 

efficiency the analyst requires specific infonnation concerning costs, demand, reliability 

distributions, production possibilities, etc. However, this infonnation is dispersed among a 

variety of individuals who must be provided with incentives (via the mechanism) to reveal 

this data. Hence, the question becomes one of designing institutions which can push the 

system to efficient outcomes by harnessing the self-interest of individuals to behave in a 

manner consistent with economic efficiency. 

Given the complexity of space station decisionmaking, the transmission of ail 

production possibilities and design combinations makes the eventual cost-benefit 
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calculations impossible by each individual member in the space station program. Thus, we 

have focused on iterative methods of transmitting infonnation among members so they will 

be able to calculate their individual values (outcomes) at particular points in their domain 

and communicate an associated message. 

In order to communicate this infonnation to the dispersed but interested parties, and to 

provide the appropriate incentives for the "revelation" of this important infonnation, the use 

of prices is typically suggested (by economists). It is welllmown that prices can 

communicate this infonnation succinctly; however, it is not the prices themselves that matter 

but the process by which the prices are "detennined." As a clear example of this 

phenomena, we developed a history of the current pricing policy that exists for the 

Shuttle/Spacelab program. This policy considers "price = cost" and that all other important 

(allocation) functions are perfonned by committee. In particular, prices are not used to 

guide payload design because: 

a) NASA science payloads do not explicitly pay for resources, and 

b) Prices are not demand-based (prices are based on costs - not "market clearing" 

prices). 

Furthennore, the important issue of priCing priority in the face of supply disruption is 

not dealt with. Hence, with fixed priority, prices based on costs, and rationing based on first

come, first-seIVed, we find theoretical reasons for inefficient allocations from this process. 

It is obvious that to correct this process, very significant changes must occur to assist in 

the allocation of scarce station resources. Since the design, constntction, and operations of 

the station require the coordination of various NASA centers and subsystems designers, 

serious consideration must be given to the use of internal (transfer) pricing among these 



entities. However, given the uncertain operations of the station and eventual p"ayload 

uncertainties and opportunities, the form of these messages is not a trivial marginal cost 

calculation (see section I.D). 
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When the station is in its operations phase, short-run corrections will undoubtedly be 

required. Again, hopefully we have made a strong argument for the use of market-based 

(demand) processes over committees or centralized cost-benefit ~malysis. 

Inevitable in any pricing discussion is the use of traditional marginal cost pricing and 

the recovery of cost Thus, in specific instances in which incremental cost pricing is 

"appropriate", the common cost problem associated with space station renders cost recovery 

as a central theme. We have investigated, both theoretically and experimentally, some 

public good allocation mechanisms to assist in the recovery of costs via hook-up fees. We 

considered the use of a purely "free-riding" mechanism versus an auction mechanism which 

could support the Lindahl solution as a Nash Equilibrium. Both of these processes had 

added to them the feature of unanimous agreement by the partiCipants. While we found that 

unanimity (in our environment) increased the number of periods in which no allocation was 

made, it did alleviate the possibility of "non-voluntary bankruptcy." It was obvious that the 

auction process out-performs the free- riding process, but still has unreasonable failure rates. 

The failure rate in the auction process stems from both the unanimity and the cost-covering 

provisions of the submitted bid (price and quantity). There are other potential mechanisms 

which may assist in this coordination problem. In particular, mechanisms proposed by 

Hurwitz (1976) and Walker (1980) alleviate the problem of cost coverage since if an 

iterative procedure is used, on each iteration costs will be covered. However, initial pilot 

experiments with the Walker mechanism have had poor dynamic (convergence) properties 
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for the environment described in this paper. The groups could not reach an allocation for 

five total periods primarily because individual prices varied tremendously, with at least one 

individual making losses in each trial. Thus, considerable work needs to be done before 

these processes can be relied upon to solve common cost problems. 

In terms of the results of the mechanisms designed for allocating uncertain outputs 

when demands are discrete, real gains in efficiency can be made by pricing priority. The use 

of a bulletin board to allow users to self-select and develop their own manifests seems to 

work extremely well. However, as more and more dimensions, timing, and externalities 

arise, the complexity of transmitting and organizing market information will become 

formidable. TIms, the use of individual computerized systems (e.g., expert systems) may be 

of use to participants and should be explored. One possible way to ease the information and 

market coordination problem would be to design a mechanism which would allow for prices 

per dimension (resource) and purchases (trading) by dimension. 
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You are about to participate in a decision process in which one of 

numerous c1)mpeting alternatives will be chosen. This is part of a 

study intended to provide insight into certain features of decision 

processes. If you follow the instructions carefully and make good 

decisions, you might earn a considerable amount of money. You will 

be paid in cash. 

This decision process will proceed as a series of periods or days 

during which a project level will be determined and financed. The 

"level" can be at zero "units" or more, the exact level of which 

must be determined. Attached to the instructions you will find a 

sheet, which describes the value to you of decisions made during the 

process, called the Redemption Value Sheet. You ~ not to reveal 

this information to anyone. It is your own private information. 

During each period a level of the project will be determined. For 

the first unit provided during a period you will receive the amount 

listed in row 1 of the Redemption Value Sheet. If a second 1~nit is 

also provided during the period, you will receive the additional 

amount listed in row 2 of the Redemption Value Sheet. If a third 

unit is provided, you will receive, in addition to the two previous 

amounts, the amount listed in row 3, etc. As you can see, your 

individual total payment is computed in a sum of the redemption 

values of specific units. (These totals of redemption values are 

tabulated for your convenience on the right-hand side of the page.) 
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The earnings each period, which are yours to keep, are the 

differences between the total of redemption values of units of the 

project provided and your individual expenditures on the project. 

All values are stated in francs and can be converted into cash at a 

rate of francs per dollar at the end of the experiment. 

Suppose, for example, your Redemption Value Sheet was as below the 

two units were provided. 

REDEMPTION VALUE SHEET 

Redemption Value Total Redemption 
Project Level of Specific Units Value of All 
Units 

(Units) (Francs) (Francs) 

1 2500 2500 
2 1500 4000 
3 1000 5000 

Your redemption value for the two units would be 4000 and your 

earnings would be computed by subtracting your individual 

expenditures from this amount. If 2.5 units were provided, the 

redemption value would be determined by the redemption values of the 

first and second unit plus one half of the third unit, that is, 

2500 + 1500 + (.5)1000 = 45000. 

Each unit of the project costs ____ francs. Hence, total cost for 

a project is ____ times the project size. Your portion of total 

project cost for a period is determined from the decisions that 

result from a series of trial bids using the following process 

(refer to the period Record Sheet in your folder for recording the 

results of each trial). 
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At the beginning of a trial in a period you will select a bid 

expressed in francs and a project level expressed in whole numbers. 

During the trial you will enter your bid choice in the second row of 

the Record Sheet, your proposed project level in the third row of 

the Record Sheet, and both of these numbers on the appropriate 

choice card contained in your folder. After the choice cards are 

collected, the sum of all the bids and the average proposed project 

level will be displayed on the blackboard. Record and sum of the 

bids in row 1 and the average proposed projected level in row 7 of 

your record sheet. 

Your potential price per unit of the project is the difference 

between the unit cost of the project and the sum of all others' 

bids. Thus, to obtain your potential price per unit of the project 

subtract row 1 from your bid in row 2 of the Record Sheet. suppose, 

for example, you were to bid 200 francs and the sum of all bids is 

1000, your potential price would then be 1300 - (1000 - 200) = 500 

francs. Your potential payment is your potential price times the 

average proposed project level. This number should be entered in 

row 9 of the Record Sheet. Hence, if the average proposed project 

level were 8 units then your potential cost for 8 units from the 

above example would be 8 x 500 = 4000 francs. 

The potential value to you of the trail decision is obtained from 

your Redemption Value sheet By finding the row for the proposed 

average project level and then placing the number found in the Total 
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redemption Value column in row 8 of the Record Sheet. Your possible 

earnings of the trail decision is the difference between your Total 

Redemption Value and your cost of the average proposed project 

level. This number should be placed in row 10 of the Record Sheet. 

thus, if your Total redemption Value for 8 units were 5600 francs, 

your potential earnings from the above example would be 

6500 - 4000 = 2500 francs. 

In order for your potential earnings on a given trial to be 

awarded for the period, TWO events must occur. 

1. Each participant's bid must equal his/her potential price. 

If the sum of all bids exceeds the unit cost of the 

project, all participants get a rebate in proportion to their 

bid such that the new bid of each is equal to his/her 

potential price. 

2. All participants vote "yes" on their voting pad. If any 

participant votes II no ," then the decision will not be 

finalized and the group will go to the next trial. 

A maximum of trials for period 1 and trials for all 

subsequent periods will be permitted. If the process stops by these 

rules the earnings in your agreement trail for the period will be 

yours to keep. If no agreement is reached for the period as defined 

above you will obtain no earnings for the period. 

The Redemption Value Sheet is not the same for all participants. 

Feel free to earn as much as you can. Are there any questions? 
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Review Questions 

1. The additional redemption value for the ninth unit is 

Your total redemption value for a project of size 3 units is 

____ ; for a project of size 17.5 units is ----, for a project 

of size 30.1 units is 

2. Suppose there were three individuals in the experiment and 

the following bids and project levels were tendered. 

1 2 3 

Bid 100 Bid 50 Bid 150 

Project 
Level = 20 

Project 
Level = 10 

Project 
Level = 6 

Then the sum of bids is and the average proposed project 

level is 

3. Suppose the total of others' bids (not including yours) is 

12000 francs and the average proposed project level 

(including your proposal) is 15. 

(i) Your total redemption value for the average project 

level is 

(ii) If you were to have bid 100 francs would the group 

proceed to vote? ____ . Your potential price would be 

____ and potential payment ____ in this example. 

(iii) If you were to have bid 200 francs would the group 

proceed to vote? Since costs are more than 

covered your rebate factor would be .93. The total sum 

of revised bids would be 1300 francs, your revised bid 



would be 

example. 

, and your potential payment ____ in this 

(iv) If you were to have bid 50 francs would the group 

proceed to vote? ____ . Your potential price would be 

____ and your potential payment ____ in this example. 
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You are about to participate in a decision process in which one 

of numerous competing alternatives will be chosen. This is part of 

a study intended to provide insight into certain features of 

decision processes. If you follow the instructions carefully and 

make good decisions, you might earn a considerable amount of money. 

You will be paid in cash. 

This decision process will proceed as a series of periods or 

days during which a project level will be determined and financed. 

The "level" can be at zero "units" or more, the exact level of which 

must be determined. Attached to the instructions you will find a 

sheet, which describes the value to you of decisions made during the 

process, called the Redemption Value Sheet. You are not to reveal 

this information to anyone. It is your own private information. 

During each period a level of the project will be determined. 

For the first unit provided during a period you will receive the 

amount listed in row 1 of the Redemption Value Sheet. If a second 

unit is also provided during the period, you will receive the 

additional amount listed in row 2 of the Redemption Value Sheet. If 

a third unit is provided, you will receive, in addition to the two 

previous amounts, the amount listed in row 3, etc. As you can see, 

your individual total payment is computed in a sum of the redemption 
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values of specific units. (These totals of redemption values are 

tabulated for your convenience on the right-hand side of the page.) 

The earnings each period, which are yours to keep, are the 

differences between the total of redemption values of units of the 

project provided and your individual expenditures on the project. 

All values are stated in francs and can be converted into cash at a 

rate of francs per dollar at the end of the experiment. 

Suppose, for example, your Redemption Value Sheet was as below the 

two units were provided. 

REDEMPTION VALUE SHEET 

Redemption Value Total Redemption 
Project Level of Specific Units Value of All 

Units 
(Units) (Francs) (F~ancs) 

1 2500 2500 
2 1500 4000 
3 1000 5000 

Your redemption value for the two units would be 4000 and your 

earnings would be computed by subtracting your individual 

expenditures from this amount. If 2.5 units were provided, the 

redemption value would be determined by the redempt~on values of the 

first and second unit plus one half of the third unit, that is, 

2500 + 1500 + (.5)1000 - 45000. 

Each unit of the project costs ________ francs. Hence, total cost 

for a project is ________ times the project size. Your portion of total 

project cost for a period is determined from the decisions that 

result from a series of trial bids using the following process 



(refer to the period Record Sheet in your folder for recording the 

results of each trial). 
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At the beginning of a trial in a period you will select a bid 

expressed in francs and a project level expressed in whole numbers. 

During the trial you will enter your bid choice in the second row of 

the Record Sheet, your proposed project level in the third row of 

the Record Sheet, and both of these numbers on the appropriate 

choice card contained in your folder. After the choice cards are 

collected, the sum of all the bids and the average proposed project 

level will be displayed on the blackboard. Record and sum of the 

bids in row 1 and the average proposed projected level in row 7 of 

your record sheet. 

Your potential price per unit of the project is the difference 

between the unit cost of the project and the sum of all others' 

bids. Thus, to obtain your potential price per unit of the project 

subtract row 1 from your bid in row 2 of the Record Sheet. suppose, 

for example, you were to bid 200 francs and the sum of all bids is 

1000, your potential price would then be 1300 - (1000 - 200) = 500 

francs. Your potential payment is your potential price times the 

average proposed project level. This number should be entered in 

row 9 of the Record Sheet. Hence, if the average proposed project 

level were 8 units then your potential cost for 8 units from the 

above example would be 8 x 500 = 4000 francs. 
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The potential value to you of the trail decision is obtained 

from your Redemption Value sheet By finding the row for the proposed 

average project level and then placing the number found in the Total 

redemption Value column in row 8 of the Record Sheet. Your possible 

earnings of the trail decision is the difference between your Total 

Redemption Value and your cost of the average proposed project 

level. This number should be placed in row 10 of the Record Sheet. 

thus, if your Total redemption Value for 8 units were 5600 francs, 

your potential earnings from the above example would be 

6500 - 4000 = 2500 francs. 

In order for your potential earnings on a given trial to be 

awarded for the period, the cost must be covered; that is, the sum 

of the bids must be greater than or equal to francs. If the 

sum of the bids exceeds the unit cost francs of the project, 

all participants get a rebate in proportion to their bid such that 

the sum of the new bids is equal to francs. 

A maximum of trials for period 1 and trials for all 

subsequent periods will be permitted. If the process stops by these 

rules the earnings in our agrement trial for the period will be 

yours to keep. If no agreement is reached for the period as defined 

above you will obtain no earnings for the period. Each participant 

will be given some initial working capital francs which will be 

paid in addition to any period earnings at the end of the 

experiment. 
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The Redemption Value Sheet is not the same" for all participants. 

Feel free to earn as much as you can. Are there any questions? 



196 

Review Questions 

1. The additional redemption value for the ninth unit is 

Your total redemption values for all units of a project of size 

3 units is ; for a project of size 17.5 units is for a 

project of size 30.1 units is 

2. Suppose there were three individuals in the experiment and the 

following bids and project levels were tendered. 

1 2 3 

Bid 100 Bid 50 Bid 150 

Project 
Level 20 

Proj ect 
Level = 10 

Project 
Level 6 

Then the sum of bids is ____ and the average proposed project 

level is 

3. suppose the total of others' (not including yours) is 12000 

francs and the average proposed project level (including your 

proposal) is 15. 

(i) Your total redemption value for the average project 

level is 

(ii) If you were to have bid 100 francs would the process 

stop? Your potential price would be and 

potential payment ____ in this example. 

(iii) If you were to have bid 200 francs would the process 

stop? Since costs are more than covered your 

rebate factor would be .93. The total sum of revised 

bids would be 1300 francs, your revised bid would be 
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____ , your potential price and your potential 

payment ____ in this example. 

Civ) If you were to have bid 50 francs would the process 

stop? Your potential price would be and 

potential payment ____ in this example. 
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You are about to participate in a decision process in which one 

of numerous competing alternatives will be chosen. This is part of 

a study intended to provide insight into certain features of 

decision processes. If you follow the instructions carefully and 

make good decisions, you might earn a considerable amount of money. 

You will be paid in cash. 

This decision process will proceed as a series of periods or 

dsys during which a project level will be determined and financed. 

The "level" can be at zero "units" or more, the exact level of which 

must be determined. Attached to the instructions you will find a 

sheet, which describes the value to you of decisions made during the 

process, called the Redemption Value sheet. You are not to reveal 

this information to anyone. It is your own private information. 

During each period a level of the project will be determined. 

For the first unit provided during a period you will receive the 

amount listed in row 1 of the Redemption V'alue Sheet. If a second 

unit is also provided during the period, you will receive the 

additional amount listed in row 2 of the Redemption Value Sheet. If 

a third unit is provided, you will receive, in addition to the two 

previous amounts, the amount listed in row 3, etc. As you can see, 

your individual total payment is computed as a sum of the redemption 

values of specific units. (These totals of redemption values are 

tabulated for your convenience on the right-hand side of the page.) 
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The earnings each period, which are yours to keep, are the 

differences between the total of redemption values of units of the 

projected provided and your individual expenditures on the project. 

All values are stated in cents. Suppose, for example, your 

Redemption Value Sheet was as below and two un its were provided. 

REDEMPTION VALUE SHEET 

Project Level Redemption Value Total Redemption 
(Units) of Specific Units Value of All Units 

1 600 600 
2 500 1100 
3 400 1500 

Your redemptiion value for the two units would be 1100 and your 

earnings would be computed by subtracting your individual 

expenditures from this amount. If 2.5 units 'l7ere provided, the 

redemption value would be determined by the redemption values of the 

first and second units plus one half of the third units, that is, 

600 + 500 + (.5)400 = 1300. 

Each unit of the project cost Hence, total cost for a 

project is times the project size. Your portion of total 

project cost for a period is determined from the decisions that 

result from a series of trials bids using the following process 

(refer to the period Record Sheet in your folder for recording the 

results of each trial). 

At the beginning of a trial in a period you will select a bid 

expressed in cents and place that number on your bid card and row 3 

of your period Record Sheet. After the bid cards are collected they 



200 

will be summed up and divided by ____ to obtain a proposed project 

level, which will be displayed on the board. Record the proposed 

project level in row 1 of your period Record Sheet. 

Your potential earnings from the proposed project is the 

difference between your total redemption value from the proposed 

project and your bid. The potential value to you of the trail 

decision is obtained from your Redemption Value Sheet by finding the 

row for the proposed project level and then placing the number found 

in the Total Redemption Value column in row 2 of the Record Sheet. 

Thus, your possible earnings of the trial decision is the difference 

between your Total Redemption Value (row 2)( and your bid (row 3). 

This number should be placed in row 4 of the Record Sheet. 

In order for your potential earnings on a given trial to be 

awarded for the period, all participants would have to vote "yes" r,n 

their voting pad. If any participant votes "no," then the decision 

will not be finalized and the group will go to the next trial. 

A maximum of trials for period 1 and trials for all 

subsequent periods will be permitted. If the process stops by these 

rules the earnings in your agreement trial for the period will be 

yours to keep. If no agreement is reached for the period as defined 

above you will obtain no earnings for the period. 

The Redemption Value Sheet is not the same for all participants. 

Feel free to earn as much as you can. Are there any questions? 
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Valuation Sheet 1 Valuation Sheet 2 

I y 3 9 13 I y 6 10 14 
IX IX 
I I 
I 4 100 150 175 I 3 125 150 175 
I I 
I I 
I 7 175 225 250 I 9 175 190 200 
I I 
I I 
I 12 250 325 335 I 15 200 225 250 
I I 

Valuation Sheet 3 Valuation Sheet 4 

I y 2 4 9 I I y 8 10 12 
IX I IX 
I I I 
I 3 75 100 125 I I 6 100 150 200 
I I I 
I I I 
I 5 100 200 225 I I 8 150 200 275 
I I I 
I I I 
I 12 175 250 275 I I 12 175 250 300 
I I I 

Valuation Sheet 5 Valuation Sheet 6 

I y 7 10 13 I y 7 9 11 
IX IZ 
I I 
I 6 175 225 250 I 7 75 150 175 
I I 
I I 
I 9 225 275 300 I 9 125 175 200 
I I 
I I 
I 12 250 300 325 I 11 150 200 225 
I I 
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You are about to participate in an experiment designed to 

provide insight into certain features of decision processes. If you 

follow the instructions carefully and make good decisions, you might 

earn a considerable amount of money. You will be paid in cash. 

In this experiment we are going to conduct a market in which 

you will make decisions which will be used to determine the market 

outcomes. You will be given a Redemption Value Sheet, which 

describes the value to you of the decisions you might make. You are 

not to reveal this information to anyone. It is your own private 

information. 

The type of currency used in this market is francs. All 

transactions will be in terms of francs. Each franc is worth 

dollars to you. Do not reveal this number to anyone. At the end of 

the experiment your francs will be converted into dollars at this 

rate, and you will be paid in dollars. 

On your Redemption Value Sheet you have one project which has 9 

possible X and Y configurations associated with it along with a 

redemption value stated in francs. Suppose for example that your 

Redemption Value Sheet were as follows: 
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1 YI 3 1 6 12 
I_X_I 1 
1 1 1 
1 5 1 100 1 200 300 
1 1 1 
1 1 1 
1 10 1 200 1 400 500 
1 1 .1 
1 1 1 
1 15 1 300 1 450 550 
1 1 1 

Then for your project with the configuration X=5 and Y=12, you 

would have a redemption value of 300 francs; for your project with 

configuration X-10 and Y=6 you would have a redemption value of 400 

francs. 

Within each market period there will be a total of markets 

with a fixed capacity of 20 units of X and 20 units of Y in each 

market to be allocated to participants. Your amount of X and Y and 

the earnings you will receive will be determined using the following 

process. 

All communication during the market period will conducted 

through your computer terminal. The experiment will consist of 

several market periods. Each market period will be composed of 

trials in which you will submit an order. An order consists of a 

configuration, a market, and a bid for the market. You can submit an 
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order during a trial by following the instruction prompts on your 

computer screen. The first prompt will ask you for a configuration 

of X and Y. You must then enter one of your 9 choices. Next you will 

be asked if you want to enter a bid for market 1; if you answer yes 

(y), you will be asked for your bid in francs. If you answer no (n), 

it will proceed to market 2 and ask you if you would like to bid. 

Thus, for a trial in a market period you cannot simultaneously have 

a bid in markets 1 and 2. 

EXAMPLE 

Enter quantity of X desired: 1 

Enter quantity of Y desired: 12 

Do you want to order in market I? !! 

Do you 'o1ant to order in market 2? y 

Enter bid in market 2: 150 

Do you confirm X = 7 Y = 12 Bl = 0 B2 = 150 ? Y 

Thus, in this example a bid of 150 francs was placed in market 

2 for the configuration X=7 and Y=l2. The only restriction you have 

on the bids you submit for a market during a period is that it be 

greater than or equal to zero. After each participant has placed an 

order during a trial, a set of provisional configurations will be 

selected for each market by finding the largest sum of bids 

submitted for that market for which the sum of the corresponding 
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configurations do not exceed the capacity constraints (X = 20, Y = 

20). Each individual will then be given the information as to which 

participants are provisionally selected in each market and their 

configurations. In addition, each participant will receive a price 

for each market. If you are one of the participants that are 

provisionally selected in a market, your price will be calculated as 

follm'1s: 

[Maximum of the sum of bids (without your bid) submitted for that 
market for which the corresponding total configurations (without 
your configuration) does not violate the capacity constraint] -

[Sum of bids (excluding your bid) of the provisional configurations] 

If your configuration is not one of the provisional 

configurations in a market, then you will receive a price which 

indicates the minimum bid you could have submitted in that market 

and have had your order be one of the provisional configurations in 

that market. 

EXAMPLE 

Market 2 
Partici12ant X X Bid Price 

~'<l 10 10 200 160 
2 15 10 160 200 
3 10 15 170 350 

~'<4 5 10 150 0 
6 11 5 100 200 
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In this example, we see that participants 1 and 4 have 

provisional configurations in this market because their combined 

requests of X-IS and Y=20 do not violate the capacity constraints, 

and their sum of bids of 350 francs is the largest such sum. The 

price for participant 1 was calculated by: [310] - [150] - 160 as 

per the equation above. Similarly, the price for participant 4 was 

calculated by: [200] - [200] = O. Notice that in either case the 

price does not depend on the participant's bid. 

For an individual who is not in the provisional configuration 

in this example, such as participant 3, we see that to be in the 

provisional set he/she must bid 350 francs since the configuration 

he/she submitted cannot fit with any other order. 

The provisional configurations in the markets will obtain their 

allocations if the same participants and configurations occur for 

___ straight trials (Rule A), or the trials in the market period are 

exhausted. A total of trials for each market period will be 

allowed. Market 1 will close after trials, and market 2 after 

additional trials. That is, if Rule A is not activated after 

trials the provisional allocations in market 1 will be chosen, 

and after trials the orders in market 2 will be chosen. After 

the process stops in a period by either of the conditions a die will 

be rolled. If the numbers through 

market 1 will be filled. If the numbers 

the orders in market 2 will be filled. 

Each participant has been given ____ _ 

appear the orders in 

through ____ appear 

francs of working 
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capital. To determine your costs for the market period, sum up your 

prices in those markets for which you have obtained an allocation at 

the market close. If your order is filled, then your earnings will 

be equal to your redemption value minus your costs. If your order is 

not filled, you must subtract your costs from your working capital. 

If you do not obtain an allocation in a market for the period, you 

will receive zero earnings for the period. You should record your 

earnings on your Record of Earnings sheet located in the back of 

your folder. At the beginning of a market period you will be 

assigned a new Redemption Value Sheet from which to make your 

decisions. The redemption value sheet will not be the same for all 

participants. Feel free to earn as much as you can. Are there any 

questions? 
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Review Quiz 

Suppose the following information for trial z in a market 

period was on your screen: 

Market 1 Trial z Market 2 Trial z 
Buxer I X Y I Buxer I X Y 

I I I 

1 I 7 10 I 6 I 6 6 
I I I 

5 I 9 6 I 2 I 8 12 
I I 

4 I 4 4 I bz 50 pz = 10 

bz 0 pz = 200 

1. If these same buyers and associated (x,y) configurations were 

to be the same for the next trials would the process stop? 

What if trial z were trial ? 

2. If you are buyer 2 and you were to submit a bid of 200 francs 

in market 1 in the next trial for your configuration x = 8, Y = 

12, will you get into market 1? What will happen to your order in 

market 2? 

3. If the market closed with the orders in this example and the 

roll of the die were a 4, what would be the earnings for buyer 5 

if his redemption value were 900 francs and his price were 200 

francs? What would be the earnings for buyer 6 if his redemption 

value were 900 francs and his price were 20 francs? 
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You are about to participate in an experiment designed to 

provide insight into certain features of decision processes. If you 

follow the instructions carefully and make good decisions, you might 

earn a considerable amount of money. You will be paid in cash. 

In this experiment we are going to conduct a market in which 

you will make decisions which will be used to determine the market 

outcomes. You will be given a Redemption Value Sheet, which 

describes the value to you of the decisions you might make. You are 

not to reveal this information to anyone. It is your own private 

information. 

The type of currency used in this market is francs. All 

transactions will be in terms of francs. Each franc is worth -----

dollars to you. Do not reveal this number to anyone. At the end of 

the experiment your francs will be converted into dollars at this 

rate, and you will be paid in dollars. 

On your Redemption Value Sheet you have one project which has 9 

possible X and Y configurations associated with it along with a 

redemption value stated in francs. Suppose for example that your 

Redemption Value Sheet were as follows: 
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I YI 3 6 12 
I_X_I 
I I 
I 5 I 100 200 300 
I I 
I I 
I 10 I 200 400 500 
I I 
I I 
I 15 I 300 450 550 
I I 

Then for your project with the configuration X=5 and Y=12, you 

would have a redemption value of 300 francs; for your project with 

configuration X-IO and Y-6 you would have a redemption value of 400 

francs. 

Within each market period there will be a total of markets 

with a fixed capacity of 20 units of X and 20 units of Y in each 

market to be allocated to participants. Your amount of X and Y and 

the earnings you will receive will be determined using the following 

process. 

PROCESS 

When the market opens you will be able to submit an order 

consisting of a market, a configuration, and a bid in francs. 

Orders will be taken one at a time and posted on the board. You can 

submit an order by raising your hand and after you are identified, 

you can submit one order. Your order will be accepted if: 
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a) It can fit in the available capacity of the market 

requested, or 

b) It can displace existing orders with lower bids. 

However, you can only have one order standing on the board at any 

one time. Thus you can have an order in Market 1 or 2 but both 

Markets 1 and 2 simultaneously. 

For example, suppose the fixed capacity was X - 20 and Y - 20, 

and there were two markets, and the existing orders none of which 

are yours were as follows: 

Market 1 
X Y 

10 9 

5 7 

Available 4 4 
Capacity 

Bid 
1100 

1000 

X 
7 

Market 2 
Y 
5 

13 15 

Bid 
500 

If you want to submit an order that has quantities X - 4 and Y 

= 6 you can either order space in Market 2 and submit any 

nonnegative bid, or you can order space in Market 1 and displace 

the X = 5, Y = 7 order with a bid greater than 1000 francs. In the 

event that more than one existing order can be displaced by your 

bid the order with the lowest bid will be the one displaced. 

If you have an order standing on the board you can change it 

only if you increase your bid. If you increase your bid you can: 

a) Move your configuration to another market if you can fit 

and/or 



b) Change your configuration if it fits. However, if you do 

not move your configuration to another market you must 

place a bid higher than than the orders you are displacing 

including your standing order. 
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Your bid change must be greater than ____ __ francs to be accepted. 

Once you have an order in a market you cannot withdraw it. 

In the event that your order is displaced you can reorder 

through the process described above. The process will stop when 

there are no new orders or order changes (increased bids) within 

seconds of the last order submitted. The orders left 

standing on the board in Markets 1 and 2 when the process stops 

the only orders that can be filled. However, there is a chance 

the orders at the market close will not be filled. After the 

process stops a die will be rolled. The orders in Market I will 

filled if any of the numbers through appear. The 

orders in Market 2 will be filled if any of the numbers 

through ____ __ appear. 

Each participant has been given ______ _ francs of working 

are 

that 

be 

capital. If your order is filled your earnings will be equal to 

your redemption value minus your bid. If your order is not accepted 

you must subtract your bid from your working capital. If you did not 

get in a market you will receive zero earnings for the market 



215 

period. You should record your earnings on your Record of Earnings 

Sheet located in the back of your folder. Your earnings plus your 

remaining working capital are yours to keep. 

At the beginning of a market period you will be assigned a new 

Redemption Value Sheet from which to make your decisions. The 

redemption value sheet will not be the same for all participants. 

Feel free to earn as much as you can. Are there any questions? 
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REVIEW QUIZ 

Suppose the existing orders in the markets (none of which are 

yours) were as follows: 

Market 1 Market 2 

X X Bid 

7 10 600 6 6 500 

9 6 500 8 12 400 

4 4 400 

Available 
Capacity 0 0 6 2 

1. If you wanted to submit an order with a configuration of X= 6 

and Y = 6 what is the lowest bid you could make and get into a 

market? 

2. If you wanted to submit a configuration of X = 8 and Y = 9 what 

is the lowest bid you could make and obtain a place in Market I? In 

Market 2? What happens to the displaced orders? 

3. If the X = 6 and Y = 6 configuration in Market 2 is your order 

and you have a possible X = 4 and Y = 4 configuration could you 

move your order to Market 1? If so what is the smallest bid you 

could make? 

4. If the market closed with the orders in this example and the 

roll of the die were a 4 what would be the earnings for the X = 9 

and Y = 6 configuration in Market 1 if its redemption value were 

900 francs? What would be the earnings for the X = 6 and Y = 6 

configuration in Market 2 if its redemption value were 900 francs? 
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You are about to participate in an experiment designed to 

provide insight into certain features of decision processes. If you 

follow the instructions carefully and make good decisions, you might 

earn a considerable amount of money. You will be paid in cash. 

In this experiment we are going to conduct a market in which 

you will make decisions which will be used to determine the market 

outcomes. You will be given a Redemption Value Sheet, which 

describes the value to you of the decisions you might make. You are 

not to reveal this information to anyone. It is your own private 

information. 

The type of currency used in this market is francs. All 

transactions will be in terms of francs. Each franc is worth -----

dollars to you. Do not reveal this number to anyone. At the end of 

the experiment your francs will be converted into dollars at this 

rate, and you will be paid in dollars. 

On your Reoemption Value Sheet you have one project which has 9 

possible X and Y configurations associated with it along with a 

redemption value stated in francs. Suppose for example that your 

Redemption Value Sheet were as follows: 
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I YI 3 6 12 
I_X_I 
I I 
I 5 I 100 200 300 
I I 
I I 
I 10 I 200 400 500 
I I 
I I 
I 15 I 300 450 550 
I I 

Then for your project with the configuration X=5 and Y=12, you 

would have a redemption value of 300 francs; for your project with 

configuration X=lO and Y=6 you would have a redemption value of 400 

francs. 

Within each market period there will be a total of ___ markets 

with a fixed capacity of 20 units of X and 20 units of Y in each 

market to be allocated to participants. Your amount of X and Y and 

the earnings you will receive will be determined using the following 

process. 

PROCESS 

When the market opens you will be able to submit an order 

consisting of a market or the Standby Queue, a configuration, and a 

bid in francs. Orders will be taken one at a time and posted on the 
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board. You can submit an order by raising your hand and after you 

are identified, you can submit one order. Your order will be 

accepted if: 

a) It can fit in the available capacity of the market 

requested, or 

b) It can displace existing orders with lower bids, or 

c) The Standby Queue is requested. 

If place an order in the Standby Queue you must also identify 

the market for which the order is to be placed on standby. However, 

you can have only one order in the markets at anyone time. Thus, 

you can have an order in Market 1 or 2 but not both Markets 1 and 2 

simultaneously. You can have as many orders as you want in the 

Standby Queue. 

Suppose for example, that the fixed capacity was X - 20 and Y = 

20, and there were 2 markets, and the existing orders , none of 

which are yours, were as follows: 

Market 1 Market 2 Standby Queue 

X Y Bid X Y Bid X Y Bid Market 

11 9 1100 7 5 500 5 5 400 1 

5 7 1000 

Available 4 4 13 15 
Capacity 
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If you want to submit an order that has quantities X - 4 and Y 

= 6, you can order space in Market 2 or the Standby Queue and submit 

any nonnegative bid, or you can order space in Market 1 and displace 

the X = 5 and Y = 7 order with a bid greater than 1000 francs. 

Furthermore you can combine your bids with orders in the Standby 

Queue that were not submitted by you to displace existing orders in 

Markets 1 and 2 if the entire order can fit and the total bid is 

greater than the total displaced orders bids. For example, you could 

have made a bid greater than 600 francs and combined that with the 

existing 400 franc bid in the Standby Queue and displace the X 5 

and Y - 7 order in Market 1 since you both can fit. In the event 

that more than one existing order can be displaced by your bid the 

order with the lowest bid will be the one displaced. If one of your 

orders in the Standby Queue is combined with another order. then any 

order you have standing in a market is canceled. 

If you have an order in a market you can change it only if you 

increase your bid. If you increase your bid you can: 

a) Move your configuration to another market if you can fit 

or displace orders with lower bids and/or 

b) Change your configuration if ti fits. However, if you do 

not move your configuration to another market you must 

place a bid higher than the orders you are displacing 

including your standing order. 



Your bid change must be greater than ------- francs to be 

accepted. Once you have an order in a market you cannot withdraw 

it. However, you can withdraw orders from the standby queue. 

In the event that your order is displaced you can reorder 

through the process described above. The process will stop when 

there are no new orders or order changes (increased bids) within 
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seconds of the last order submitted. The orders left 

standing on the board in Markets land 2 when the process stops are 

the only orders that can be filled. However, there is a chance that 

the orders at the market close will not be filled. After the 

process stops a die will be rolled. The orders in Market I will be 

filled if any of the numbers through appear. The 

orders in Market 2 will be filled if any of the numbers 

through ______ appear. 

Each participant has been given ______ _ francs of working 

capital. If your order is filled your earnings will be equal to 

your redemption value minus your bid. If your order is not accepted 

you must subtract your bid from your working capital. If you did not 

get in a market you will receive zero earnings for the market 

period. You should record your earnings on your Record of Earnings 

Sheet located in the back of your folder. Your earnings plus your 

remaining working capital are yours to keep. 
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At the beginning of a market period you will be assigned a new 

Redemption Value Sheet from which to make your decisions. The 

redemption value sheet will not be the same for all participants. 

Feel free to earn as much as you can. Are there any qu~stions? 
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REVIEW QUIZ 

Suppose the existing orders in the markets (none of which are 

yours) were as follows: 

Market 1 Market 2 Standby Queue 

X X Bid X X Bid X X Bid Market 

7 10 600 6 6 500 3 3 300 1 

9 6 500 8 12 400 4 5 200 2 

4 4 400 15 10 400 1 

Available 
Capacity 0 0 6 2 

1. If you wanted to submit an order with a configuration of X= 6 

and Y = 6 what is the lowest bid you could make and get into a 

market? 

2. If you wanted to submit a configuration of X = 8 and Y = 9 what 

is the lowest bid you could make and obtain a place in Market I? In 

Market 2? What happens to the displaced orders? 

3. If the X = 6 and Y = 6 configuration in Market 2 is your order 

and you have a possible X = 4 and Y = 4 configuration could you 

move your order to Market I? If so what is the smallest bid you 

could make? 

4. If the market closed with the orders in this example and the 

roll of the die were a 4 what would be the earnings for the X = 9 

and Y = 6 configuration in Market 1 if its redemption value were 

900 francs? What would be the earnings for the X = 6 and Y = 6 

configuration in Market 2 if its redemption value were 900 francs? 
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What would be the e~rnings of the X ~ 3 and Y - 3 configuration in 

the Standby Queue if its redemption value were 500 francs? 
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You are about to participate in an experiment designed to 

provide insight into certain features of decision processes. If you 

follow the instructions carefully and make good decisions, you might 

earn a considerable amount of money. You will be paid in cash. 

In this experiment we are going to conduct a market in which 

you will make decisions which will be used to determine the market 

outcomes. You will be given a Redemption Value Sheet, which 

describes the value to you of the decisions you might make. You are 

not to reveal this information to anyone. It is your own private 

information. 

The type of currency used in this market is francs. All 

transactions will be in terms of francs. Each franc is worth 

dollars to you. Do not reveal this number to anyone. At the end of 

the experiment your francs will be converted into dollars at this 

rate, and you will be paid in dollars. 

On your Redemption Value Sheet you have one project which has 9 

possible X and Y configurations associated with it along with a 

redemption value stated in francs. Suppose for example that your 

Redemption Value Sheet were as follows: 
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I YI 3 6 12 
I_X_I 
I I 
I 5 I 100 200 300 
I I 
I I 
I 10 I 200 4·00 500 
I I 
I I 
I 15 I 300 450 550 
I I 

Then for your project with the configuration X=5 and Y=12, you 

would have a redemption value of 300 francs; for your project with 

configuration X=lO and Y=6 you would have a redemption value of 400 

francs. 

Within each market period there will be a total of markets 

with a fixed capacity of 20 units of X and 20 units of Y in each 

market to be allocated to participants. Your amount of X and Y and 

the earnings you will receive will be determined using the following 

process. 

PROCESS 

At the beginning of the market period you will send in your 

order for an X and Y configuration you would like by submitting an 

order form, and a ranking of your preferences for Markets 1 and 2. 

That is, you cannot place a preference ranking for Markets 1 and 2 
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simultaneously. Order forms can be found in the back of your folder. 

To submit an order just place your X and Y configuration found on 

your Redemption Value Sheet on your order form with a ranking of the 

markets. For example, suppose you want to place an order for a 

configuration on your redemption value sheet that quantities of X 

9 and Y = 14, and you wanted the market rankings 2 and 1, then you 

would send in an order form with the following information: 

ORDER FORM 

Ranking 

X = Y = 

You can submit one order. 

After all the orders have been collected we will randomly 

select the orders and place them in the first available market with 

capacity available according to the ranking on the order form as 

they are drawn. After we have exhausted all the orders or the 

capacity in each market we will determine the orders that are filled 

by rolling a die twice. If the numbers through appear 

on the first roll the orders in Market 1 will be filled. If the 

numbers through __ _ appear then the orders in market 2 will 

be filled. 



Your earnings for the market period will be equal to your 

redemption value if your order is filled, otherwise your earnings 

will be zero. You should enter earnings for the market period on 

your Record of Earnings Sheet. Your total earnings over all the 

market periods are yours to keep. 
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At the beginning of a market period you will be assigned a new 

Redemption Value Sheet from which to make your decisions. The 

redemption value sheet will not be the same for all participants. 

Feel free to earn ~s much as you can. Are there any questions? 
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You are about to participate in an experiment designed to 

provide insight into certain features of decision processes. If you 

follow the instructions carefully and make good decisions, you might 

earn a considerable amount of money. You will be paid in cash. 

In this experiment we are going to conduct a market in which 

you will make decisions which will be used to determine the market 

outcomes. You will be given a Redemption Value Sheet, which 

describes the value to you of the decisions you might make. You are 

not to reveal this information to anyone. It is your own private 

information. 

The type of currency used in this market is francs. All 

transactions will be in terms of francs. Each franc is worth -----

dollars to you. Do not reveal this number to anyone. At the end of 

the experiment your francs will be converted into dollars at this 

rate, and you will be paid in dollars. 

On your Redemption Value Sheet you have one project which has 9 

possible X and Y configurations associated with it along with a 

redemption value stated in francs. Suppose for example that your 

Redemption Value Sheet were as follows: 
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I YI 3 6 12 
I_X_I 
I I 
I 5 I 100 200 300 
I I 
I I 
I 10 I 200 400 500 
I I 
I I 
I 15 I 300 450 550 
I I 

Then for your project with the configuration X=5 and Y=12 , you 

would have a redemption value of 300 francs; for your project with 

configuration X=10 and Y=6 you would have a redemption value of 400 

francs. 

Within each market period there will be a total of ___ markets 

with a fixed capacity of 20 units of X and 20 units of Y in each 

market to be allocated to participants. Your amount of X and Y and 

the earnings you will receive will be determined using the following 

process. 

PROCESS 

At the beginning of the market period you will send in your 

order for an X and Y configuration you would like by submitting an 

order form, and a ranking of your preferences for Markets 1, 2, 3, 1 

and 3, and 2 and 3. That is, you cannot place a preference ranking 
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for Markets 1 and 2 simultaneously. Order forms can be found in th~ 

back of your folder. To submit an order just place your X and Y 

configuration found on your Redemption Value Sheet on your order 

form with a ranking of the markets. For example, suppose you want to 

place an order for a configuration on your redemption value sheet 

that quantities of X = 9 and Y = 14, and you wanted the market 

rankings 2 and. 3, 1, 3, 1 and 3, and 2, then you would send in an 

order form with the following information: 

ORDER FORM 

Ranking 

X = Y = ____ _ 

You can submit one order. 

After all the orders have been collected we will randomly 

select the orders and place them in the first available market with 

capacity available according to the ranking on the order form as 

they are drawn. After we have exhausted all the orders or the 

capacity in each market we will determine the orders that are filled 

by rolling a die twice. If the numbers through appear 
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on the first roll the orders in Market I will be filled. If the 

numbers through appear on the first roll and the numbers 

through appear on the second roll the orders in Markets 

I and 2 will be filled. If the numbers 

on the first roll and the numbers 

through appear 

through appear on the 

second roll the orders in Market 3 will be filled. 

Your earnings for the market period will be equal to your 

redemption value if your order is filled. otherwise your earnings 

will be zero. You should enter earnings for the market period on 

your Record of Earnings Sheet. Your total earnings over all the 

market periods are yours to keep. 

At the beginning of a market period you will be assigned a new 

Redemption Value Sheet from which to make your decisions. The 

redemption value sheet will not be the same for all participants. 

Feel free to earn as much as you can. Are there any questions? 
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