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ABSTRACT

Two modes of matching people with jobs prevail at present: 1) hierarchical planning and 2) distributed markets. Each has strengths and limitations, but few systems have been designed to take advantage of strengths corresponding to both. With evolving information technology, however, the job-matching process could be accomplished far more equitably and efficiently using web-based markets within the firm, and intelligent agents offer excellent potential to help both potential employees and employers find one another in a distributed, electronic marketplace. But realizing this potential goes well beyond simply changing the rules of internal job matching or making agent technology available to job searchers. Rather, the corresponding markets and technologies must be designed, together, to mutually accomplish the desired results (e.g., efficient and effective matching) and conform to necessary properties (e.g., markets must clear). Through the research described in this paper, we draw from Game Theory results to assess the feasibility of using two-sided matching games to address this market-design problem. And we draw from current agent research that supports supply chain processes to address the information technology dimension of the problem. This multidisciplinary work leads us through a number of steps (e.g., identifying operational rules for managing the assignment process) and has resulted in a proof-of-concept multi-agent system to enact, automate and support the corresponding market solution. This paper motivates the joint—economic and technological—problem in the introduction and follows with discussion of employment market economics and an overview of intelligent agent technology. We then discuss a specific agent-based employment market design, which requires mutual development of the economic market and agent technology. This integrated design is directed initially at an internal, hierarchical-planning employment process, but the economics and technologies apply equally well to other processes, including those pertaining to e-business in products and services markets. 

PROBLEMS WITH CURRENT EMPLOYMENT APPROACHES

Two modes of matching people with jobs prevail at present: 1) hierarchical planning and 2) distributed markets. Patterned after centrally-planned (e.g., former Soviet-style) economies and command-and-control (e.g., the military) organizations, the former approach remains prevalent for matching job candidates to jobs within the current enterprise. As an example from the U.S. military, the Navy currently matches sailors to jobs using a centralized, labor intensive detailing process, one which leaves many parties (e.g., sailors, commands) dissatisfied and results in poor employee morale, performance and retention.

Alternatively, the latter, market-based approach supports unrestricted, point-to-point matching between potential employees and outside employers. As an example from the information technology (IT) environment, technology professionals in nearby Silicon Valley currently have access to a hyperactive job market—characterized by negative unemployment—in which a multitude of job opportunities is available to many people. In this situation, information overload—for example associated with the requirement to search through, screen and filter so many job opportunities—has become problematic, and employee turnover is now incessant.

With evolving information technology, the job-matching process could be accomplished far more equitably and efficiently using web-based markets within the firm, and intelligent agents offer excellent potential to help both potential employees and employers find one another in a distributed, electronic marketplace. But realizing this potential goes well beyond simply changing the rules of internal job matching or making agent technology available to job searchers. Rather, the corresponding markets and technologies must be designed, together, to mutually accomplish the desired results (e.g., efficient and effective matching) and conform to necessary properties (e.g., markets must clear). 

Through the research described in this paper, we draw from Game Theory results to assess the feasibility of using two-sided matching games to address this market-design problem. And we draw from current agent research that supports supply chain processes to address the information technology dimension of the problem. This multidisciplinary work leads us through a number of steps (e.g., identifying operational rules for managing the assignment process) and has resulted in a proof-of-concept multi-agent system to enact, automate and support the corresponding market solution. The balance of the paper follows this introduction by discussing employment market economics, after which we provide an overview of intelligent agent technology. We then discuss a specific agent-based employment market design, which is directed initially at an internal, hierarchical-planning employment process. The paper closes with a number of key conclusions and an agenda for future research along these lines.

LABOR MARKET ECONOMICS
As background, we draw from what is now textbook understanding of labor market economics (Ehrenberg and Smith 1997). This discussion begins with an overview of market-based labor markets, which provides the basis for comparison and contrast with hierarchical labor markets. Then moving into current economics research, we discuss two-sided matching games to provide an understanding of the mechanisms under consideration for incorporation into agent-based labor markets.

Market-Based Labor Markets

Market-based approaches to employee/employer matching rely on the interaction of labor demand and supply. (Ehrenberg and Smith 1997) Figure 1 illustrates labor demand and supply curves for a representative labor market (e.g., manufacturing, software development, clerical support, etc.). The wage rate in this market tends toward its equilibrium value (W*), where the demand and supply curves intersect. The quantity of labor that employers willingly hire at this wage rate exactly equals the quantity of labor that employees willingly supply (L*).
 Anyone that wants to work in the industry can find sufficient work and any firm that wants to hire employees can find adequate employees.
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Figure 1:  Market-Based Labor Markets

If the wage rate is above its equilibrium value, there is an excess supply of labor. At the higher wage rate, employers choose to hire less labor (by either reducing output or replacing labor with capital), while employees choose to supply more labor (through either longer workweeks or new entrants to the industry’s workforce). This results in an excess supply of labor. The competition for jobs will force the wage rate to fall until the quantity of labor demanded equals the quantity of labor supplied (i.e., the equilibrium wage rate). If the wage rate is below equilibrium, opposite forces will create an excess demand for labor; competition for employees will increase the wage rate to its equilibrium value.

A subtle but important aspect of equilibrium wages rates involves job amenities (work environment, geographic location, commute, promotion potential, work content/challenge, job satisfaction, etc.). In weighing employment benefits in one industry relative to alternative time uses (leisure and other jobs), job amenities are important considerations. If job amenities are particularly attractive in one industry, individuals will supply labor to that industry at relatively low wage rates; if job amenities are unpleasant, labor is only supplied at relatively high wage rates. (Ehrenberg and Smith 1997, Moore and Viscusi 1990) Compensating wage differentials are illustrated by comparing wage rates either across industries (e.g., wage rates for schoolteachers versus garbage collectors or coal miners) or for a particular industry across geographic locations or work environments. Holding other characteristics constant, individuals willing to work in an industry for relatively low wages either receive particularly high benefits from agreeable job amenities or are relatively weakly deterred by objectionable job amenities.

Further developing labor demand and supply provides additional insight into market-based labor markets. Labor demand is determined by the value employers derive from hiring an additional employee (holding the levels of all other inputs constant). In for-profit businesses, the market value of the extra output produced measures labor’s contribution. It pays to hire an additional employee as long as the value of the output the employee produces exceeds the cost of hiring that employee (i.e., the marginal value of labor exceeds the marginal cost of labor). Thus, firms hire employees if they value labor at or above the market wage rate; firms (uses) that generate values below the market wage rate choose not to hire labor. Market-based labor markets also allocate labor to its highest valued (priority) uses; as the market wage increases, lower valued uses dropout while higher valued uses remain filled.

The labor supply in a particular industry reflects the relationship between the labor employees are willing to supply and the market wage rate (the wage rate implied here reflects total compensation including salary, benefits, bonuses, etc.). Employees’ decisions regarding the labor they will supply for a particular industry encompass both job amenities and the benefits employees receive from the best alternative use of their time, including either their value of leisure or the benefits forgone by not working in other industries. As wages increase for the industry in question, the quantity of labor supplied typically increases. At higher wage rates, the benefits of working in this industry increase relative to the value of both leisure and employment in other industries. Individuals already working in the industry may choose to work longer hours (if institutionally possible), and new employees will choose to enter the industry (either by entering the workforce or leaving other industries). Thus, market-based labor markets ensure that the employees hired are the most willing to work in the industry. Anyone can find work that is willing to work at or below the market wage rate; individuals demanding higher wages choose to use their time in other ways. As market wages decrease, individuals less willing to work voluntarily leave (either because they have better alternative options or they are relatively less attracted (more put off) by the job’s amenities); those most attracted to the industry remain.

Market-based labor markets balance demand and supply, ensuring equality between the quantity of labor demanded and supplied. However, market-based labor markets also allocate labor to its highest valued uses (demand efficiency) and to the uses for which it is best suited (supply efficiency). The demand and supply diagram depicted in Figure 1 only considers a single industry (use) for labor (partial equilibrium). This tends to emphasize the balance between demand and supply; it does not specifically illustrate that labor has other uses. As the analysis expands to multiple industries/labor markets (general equilibrium), the importance of demand and supply efficiencies becomes more evident. The information requirements in market-based labor markets also become more evident. To operate efficiently, employees must have complete information about all relevant job opportunities, including salary, benefits and job amenities (work environment and content, promotion potential, commute, etc.).

To mimic the results of market-based labor markets, alternative labor market mechanisms must both balance demand and supply and promote demand and supply efficiencies. The information required to satisfy these conditions is extensive. To ensure demand and supply efficiency, labor assignments must reflect labor’s relative value in alternative uses and employee capabilities and job preferences.

Hierarchical Labor Markets

Hierarchical labor markets assign individuals to jobs using a centralized process. Examples of hierarchical labor markets include job assignments within commercial firms, government agencies and the military’s labor detailing process. Hierarchical job assignments must rely on administrative procedures to match individual capabilities and job requirements and to reflect both the job’s relative priority and the individual’s job preferences. There is no mechanism to automatically strike a balance between supply and demand efficiencies, as in market-based labor markets. At one extreme, employers can assign individuals to jobs with little regard to personal preferences. Employees can either accept the assignment or find an alternative occupation. This approach emphasizes the employer’s performance (demand efficiency) at the expense of employee morale (supply efficiency). At the other extreme, employers can emphasize individual job preferences relative to job priority and the match between employee skills and job requirements. This emphasizes employee morale (supply efficiency) at the expense of employer performance (demand efficiency). Criticisms against hierarchical labor markets concern their inability to ensure demand and supply efficiencies, inherent equilibrium conditions in market-based labor markets. This inability reflects both information requirements and asymmetric incentives (profits vs. morale).

Demand and supply efficiencies are particularly important for closed systems with a constrained labor supply, such as commercial firms where labor requires significant firm-specific knowledge or the military services and other government agencies. When labor requires employer-specific skills, it is difficult to hire mid-career employees to fill areas of need; employers develop an internal labor force through education, training and promotion, and allocate this labor force across job vacancies. In the military and some commercial firms, wages are uniform across jobs requiring similar skills and experience (no compensating wages). As a result, the cost of assigning labor to one use is the loss of output in the best alternative unfilled use for that labor (opportunity cost); salaries and benefits are irrelevant in measuring labor costs. If labor assignments don’t maximize demand and supply efficiencies, the system wastes resources by applying them to less valuable jobs, and reduces job satisfaction, morale and retention, by assigning labor to jobs that are relatively less desirable with no compensating wage differential.

To further illustrate the issues involved with hierarchical labor markets, it is useful to briefly describe the Department of the Navy’s enlisted distribution system. Because of the Navy’s large size, global presence, unique mission and policy of frequent employee job rotation, it is extremely difficult to achieve efficient employee-job matching in this system. The extreme nature of the Navy system makes it particularly attractive for research; that is, if problems with such an extreme system can be solved, then the results of this study should also generalize quite well across many corporations, government agencies and other military branches.

The Department of the Navy (DoN) uses a centralized, hierarchical labor market to match enlisted sailors to jobs. (U.S. Navy, Bureau of Naval Personnel; U.S. Navy, Commander in Chief, United States Pacific Fleet.) On the demand side, Navy commands (ships, bases, etc.) identify open positions. Job vacancies are compared to projections of available personnel. Typically, the number of positions to be filled exceeds the supply of available personnel. Therefore, the Navy develops a Navy Manning Plan that spreads the labor shortage across all commands, on a “fair-share” basis. The Navy then prioritizes job vacancies based on each command’s mission, current staffing levels, and several other relevant characteristics. This process attempts to distinguish between high and low valued demands for labor, to mimic demand efficiency in market-based labor markets.

On the supply side, available personnel are categorized according to their qualifications (ratings), including skills, experience, education/training, career path, etc. Similar skill groups are arranged in communities (e.g., electronics, supply, machinists). Each community has a detailer charged with matching personnel to jobs. Sailors seeking job assignments can express their personal preferences to the detailer. The detailer is responsive to job vacancy priority ratings, but there is some room for discretion in tailoring job assignments to meet the sailors' personal preferences (supply efficiency). Supply efficiency is subordinate to demand efficiency in this process.

DoN’s hierarchical labor market is further complicated because enlisted sailors change jobs every two to three years. Thus, the centralized detailing process reassigns between one third and one half of the enlisted force every year. This adds a time dimension to this process that is more critical than in typical civilian labor markets. The Navy begins identifying job vacancies and available personnel as early as nine months in advance. Time also affects the job vacancy priority rating. More imminent vacancies receive a higher priority than similar but more distant vacancies.

From this brief introduction, it is clear that DoN’s centralized detailing process has developed administrative mechanisms to try balancing the quantity of labor supplied and demanded, as well as demand and supply efficiency. DoN fills billets (i.e., jobs) according to a predetermined priority ranking until the labor supply is exhausted, and demand efficiency is emphasized over supply efficiency. In market-based labor markets, equilibrium wage rates automatically perform these functions; wages adjust until there is no excess supply or demand for labor, and employees voluntarily choose their preferred job, considering both relative wages (compensating wage rates) and job amenities. In DoN’s hierarchical labor market, wage rates do not increase to limit the demand for labor to the available supply, so commanders are frustrated they can’t fill vacant positions. Similarly, wages do not adjust across job assignments to account for job amenities, and assignments do not fully incorporate the sailor’s job preferences. Predictably, both commanders and enlisted sailors voice dissatisfaction with the current hierarchical labor market.

Two-Sided Matching Markets

Unlike fast-paced IT firms in Silicon Valley, wage rates for military personnel—and most large corporations—are set by fiat (e.g., by Congress, the Personnel Department) and adjust very slowly to supply- or demand-driven pressures. At least in the short term, the Navy—and most other large organizations—cannot rely on spot labor markets for filling its key jobs with qualified people. Indeed, without its current, hierarchical detailing system, the Navy would find it very difficult to fill many of its important jobs. Yet the Navy—as well as other major enterprises—could also benefit from the efficiencies associated with market-based systems. This conundrum leads us to draw from Game Theory and consider a two-sided matching market. (Roth and Sotomayor 1990.) A two-sided matching market assigns individuals to jobs when there are several possible employers and employees. The matching algorithm balances the employers’ and employees’ preferences, but it can produce assignments that give priority to either employers or employees. As such, the algorithm specifically addresses both demand and supply efficiency. Two-sided matching algorithms are currently used in assigning medical students to residency programs (Roth and Sotomayor 1990; Roth 1984; and Roth and Peranson 1997) and pledges to sororities at some colleges and universities (Mongell and Roth 1991).

The market for medical residents illustrates the two-sided matching system. As U.S. students complete their final year of medical school, they interview for residency positions. Each student interviews with several residency programs, and each program interviews several students. After the interviews, students rank residency programs according to their individual preferences; and programs independently rank students according to their preferences. Students and programs submit their prioritized lists to a central clearinghouse. The clearinghouse compares the lists and assigns students to programs. On a predetermined date, students and residency programs receive their assignments. Each matched student is assigned to one residency program, and each program is assigned students up to the number of available positions. Unmatched students individually seek unfilled positions; programs with unfilled positions can seek either unmatched U.S. medical students or foreign-trained students.

Participating in this centralized assignment process is voluntary. Residency programs and medical students are free to establish individual agreements, but over 90% of assignments are made through this voluntarily centralized process. To generate this participation level, the matching process must satisfy a few basic conditions. One of the most important conditions is stability: both students and programs must be at least as happy with their assigned match as with any agreement they could reach outside the centralized process. The outcome is unstable if a student and program both prefer one another to the program and student with which they are centrally matched. With unstable matches, the student and program would both choose to forgo the assigned match and form their own agreement. If a student is not matched to his or her highest ranked program, the program must have been assigned students that it ranked more highly (the program would not reject the assigned match). If a program does not receive its highest ranked students, these students must be matched with programs they rank more highly (the students would not reject the assigned match). (For descriptions of the problems encountered when programs don’t meet these requirements, see Roth 1991.)

To summarize, as currently implemented for matching medical students with residency programs, the two-sided matching market addresses a number of the differences between hierarchical and market-based labor markets. Most importantly, unlike hierarchical systems, matching markets balance both employers’ and employees’ preferences. This effectively matches job requirements and employee capabilities, and systematically helps obviate many supply side problems, including employee dissatisfaction, low morale and poor retention. This improves both demand and supply efficiency relative to hierarchical labor markets. Two-sided matching markets also are responsive enough to keep pace with the extreme periodic job rotations effected routinely by the Navy and other military organizations. But such matching markets lack the automatic dynamic response of market-based systems, and the opportunity for side agreements that circumvent the system can be administratively cumbersome. Finally, unlike market-based systems, two-sided matching markets provide some centralized control through the clearinghouse, and periodic matching can dampen the high rates of employee turnover now experienced in high-technology industries.

Despite these positive results, other potential problems must be addressed. The matching algorithm considers both the students’ and programs’ preferences, but there are generally multiple stable equilibria. Different matching algorithms give different relative emphasis to employer (demand) and employee (supply) preferences. Thus, the balance between demand and supply preferences depends on the matching algorithm. (Roth and Sotomayor 1990, pp. 33-48) Furthermore, the residency-matching program does not distinguish between high and low valued uses in allocating the limited supply of U.S. medical students to residency programs. Programs that might be considered high in priority may fail to match with any students, forcing the program to either contract with unmatched U.S. students, hire foreign-trained students or leave the residency unfilled. (Roth and Sotomayor 1990, pp.143-45) Closed, internal labor markets, such as DoN, cannot fill high priority vacancies with outside labor. Thus, it is important to modify the matching process to recognize job priorities, a function performed by detailers in DoN’s hierarchical process. Finally, two-sided matching markets require a significant exchange of information to work effectively. Employees must identify and rank the relevant job opportunities; employers must identify and rank the relevant employees. Mechanisms that help exchange the relevant information can significantly improve demand and supply efficiency. To address this situation, we harness the power of intelligent agent technology and seek to extend current thinking in terms of two-sided matching markets.

INTELLIGENT AGENT TECHNOLOGY

Work in the area of software agents has been ongoing for some time, and it addresses a broad array of applications. The term multi-agent system as used here applies to coordinated problem solving through a federation of intelligent agents. Where only a single agent is involved with problem solving, or multiple agents solve problems independently, we refer to these as single-agent systems or simply intelligent agents. In this section, we discuss some representative, extant agent technologies and then outline key capabilities of the Intelligent Mall, a proof-of-concept multi-agent system developed to automate and support supply chain operations. The idea is to adapt the Intelligent Mall—from its current application matching buyers and sellers in products and services markets—to focus on matching people with jobs in labor markets.

Drawing from Nissen (2000), it is informative to group extant agent applications—both single- and multi-agent systems—into four classes: 1) information filtering agents, 2) information retrieval agents, 3) advisory agents, and 4) performative agents. Briefly, most information filtering agents are focused on tasks such as screening and categorizing user-input preferences for e-mail, network news groups, frequently asked questions and arbitrary text. More impressively, information retrieval agents address problems associated with collecting information pertaining to commodities such as compact disks and computer equipment, in addition to services such as advertising and insurance. Nissen also includes the ubiquitous Web indexing robots in this class along with Web-based agents for report writing, publishing and assisted browsing. Agents for technical information delivery and information gathering are not Web-based per se, but they perform a similar function. 

A third class of agents is oriented toward providing intelligent advice, in what amounts to a decision-support role. Examples include recommendations for CDs, an electronic concierge, an agent "host" for college campus visits and planning support for manufacturing systems. Agents for strategic planning support, software project coordination and computer interface assistance are also grouped in this class, along with planned support for military reconnaissance, financial portfolio management and the growing number of shopping “bots” now available on the Web. Performative agents in the fourth class are generally oriented toward functions such as business transactions and work performance. Examples include a marketspace for agent-to-agent transactions, agent auction environments and an agent system design for negotiation, in addition to performance of knowledge work such as automated scheduling, cooperative learning  and automated digital services.

The Intelligent Mall is probably best categorized in the fourth group (i.e., performative agents). But it has been designed to build upon agent work in other categories as well. For instance, it exhibits behaviors such as information filtering and retrieval, and it can be used in an advisory role as well as a performative one. But central to the Intelligent Mall’s potential is its ability to represent a multitude and wide variety of different users—on both the demand and supply sides—to quickly find, retrieve and organize large amounts of market information, and its conformance to market and supply chain rules established for a particular enterprise or circumstance enable this multi-agent system to automate and support commerce in a broad diversity of electronic markets. Such ability suggests the Intelligent Mall offers good potential to facilitate the kinds of two-sided matching envisioned for labor markets.

The Intelligent Mall
As noted above, the Intelligent Mall is a proof-of-concept multi-agent system developed to automate and support key knowledge-work activities along an operational supply chain. In describing this multi-agent system, we first discuss the background context of the operational supply chain for which it was designed. We then describe the Intelligent Mall application and close by suggesting the kinds of adaptations needed for application to the matching task in labor markets. The key to this is understanding that the Intelligent Mall currently automates and supports such matching of products and services along the enterprise supply chain.

The supply chain process. Two primary processes are involved with the supply chain: 1) customer purchasing and 2) vendor order fulfillment. Other processes such as customer financing, vendor project management and logistics can also be viewed as supply chain activities, but these are subsumed by our collective use of the terms procurement and order fulfillment. Customer procurement and vendor order fulfillment are traditionally viewed as separate, intra-organizational process activities. But a strong case can be made for viewing such activities together, as an integrated, inter-organizational supply chain process. This reflects the integrated focus of emerging procurement models, such as the one used by Gebauer et al. (1998) to discuss the revolutionary potential of Internet- and Web-based procurement. 
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Figure 2 Integrated Supply Chain Process

We examine and discuss an integrated supply chain process and use it for context to describe the Intelligent Mall’s agent federation in the section that follows. The high-level process delineated in Figure 2 depicts the integration of the user, supply department and commercial contractor along an enterprise supply chain. Notice the supply chain process involves an intermediary (i.e., the Supply Department) that facilitates the matching of user needs with products and services offered for same in the marketplace. At a structural level, therefore, the supply chain process reflects elements of both hierarchical markets (e.g., centralized procurement through an intermediary) and market-based markets (e.g., through open-market purchasing). The structural similarity becomes even more apparent as we shift to a mall metaphor below.

The process begins with a user in the organization identifying a need and determining his or her preliminary requirements (e.g., for a software application or capability). A market survey follows with the market information (e.g., products, capabilities, companies, prices) used to complete a procurement request (PR). This PR is submitted to the procurement department for processing, in which a buyer verifies the request (e.g., in terms of completeness, required documentation such as sole-source justification, adequate budget) and then researches some potential sources for procurement (e.g., existing contracts, approved-vendor lists, small/disadvantaged-business lists) in addition to the sources identified through the market survey. Requests for quotation (RFQs) are generally issued next, and vendor-prepared quotations are analyzed by the buyer, whom then summarizes the information for review and source selection by the user. A purchase order is subsequently issued, and the transaction is complete when software is delivered to the user and payment is made to, and deposited by, the vendor.

Intelligent Mall Application. The Intelligent Mall employs a shopping mall metaphor for supply chain automation and support. Notice we change the supply chain metaphor—with its connotation of knowing all trading partners ex-ante—and introduce the mall concept instead. In the mall, shoppers are not expected to know in advance which shops exist or what products they offer for sale. Neither are the shops expected to know which other shops are selling like products or with which shoppers they will interact. In other words, the supply chain represents a special case of the mall, in which trading partners are established before initiating procurements. The mall metaphor makes for a more robust commercial environment than the supply chain model, but it requires more intelligent agent behaviors. It also better combines hierarchical aspects of an intermediated process with market-based aspects afforded by unrestricted access to all vendors in the mall.

The mall representation presented in Figure 3 shows three (virtual) shops, two agent shoppers and an input form for specifying items to be purchased through the supply chain agent federation. This mall is truly virtual, in that the "shops" do not reside in any single physical location. Indeed, the shops do not necessarily exist physically at all. What does exist is a shop agent created to represent some vendor interested in commercial participation through this medium. We refer to this application as an "intelligent mall"—as opposed to the more common "virtual mall" or “cyber mall” names—because it offers more than just virtual shopping; that is, every entity in this environment possesses (artificial) intelligence, and the agent federation is performative, offering the capability of autonomously shopping on behalf of customers as well as selling on behalf of vendors. 
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Figure 3  Intelligent Mall Screenshot
To "open" a shop, a vendor needs network access to the agent server (we provide a Web interface for this), a networked computer with an IP address and a Java virtual machine. Any number of shops can co-exist in this mall. Thus, the application offers good potential to scale well to large enterprise supply chains. Not apparent in the figure is a special agent called "Host." For shops that wish to register their products and services (e.g., catalog items, prices, availability, terms and conditions), the Host maintains both a "White Pages" and a "Yellow Pages" directory for the mall. However, shops can also choose not to register with the Host (e.g., to not divulge competitive product, pricing, availability or like information) yet still participate in the mall and interact with shoppers.

Requirements for creating a shopper agent are similar to those pertaining to the shops above. Like their shop counterparts, shopper agents represent individuals wishing to participate in the mall and can either register with the Host or not, at the discretion of each user. A shopper agent can be specialized to reflect the preferences and priorities of its principal. For example, one shopper agent can be specialized to shop based on my preferences for juice over coffee and bagels over doughnuts, whereas another instance (i.e., identical clone) can be specialized to reflect someone else's preferences. And, clearly, each shopping agent can be instantiated with a unique shopping list of items to buy. Other knowledge and information—such as user preferences and budget restrictions, product requirements and need dates, and consumer heuristics like price comparison—are formalized through rules for the agents. The shopping agents also allow each user to specify how price and non-price factors (e.g., product capability, availability) are to be compared, and some architectural features are provided with all agents, such as avoiding inter-network trips if items can be purchased "locally" for the same terms and consolidating all items purchased at one location on a single "trip."
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Figure 4 Intelligent Mall Animation

Figure 4 presents a still-shot of some animated shopping activities. When a user has specified the items to be purchased as above, each shopper agent sends messages to all shops in the Intelligent Mall to see which vendors wish to sell the items on its shopping list. This message action is equivalent to advertising the intent to procure items and posting RFQs. Shop agents wishing to sell the posted items will reply directly to the requesting agents and respond to the corresponding "RFQ" messages separately. Each shopper agent analyzes the quotes and determines a preferred source for every item on the shopping list, based on user preferences and vendor information received, along with travel costs (e.g., network distance) as appropriate. 

Each shopper agent then performs some planning to determine which shops to visit, establish the order in which to visit them, and consolidate multiple items purchased from each shop into a single trip. Notice the shopper agent in Shop-2 is inverted. Such behavior is explicitly required by "regulation" in this mall environment when juice is purchased, for instance. Although humorous, perhaps, this behavior serves to visibly demonstrate the intelligent agents can be specified to conform to various procurement regulations (e.g., governing pharmaceutical imports, military exports, interstate intellectual property rights). Although difficult to see without animation, the other shopper agent is currently jumping up and down, which represents the local custom when conducting business in Shop-1. Similar to the regulation-conforming behavior from above, this context-specific behavior serves to demonstrate the intelligent agents can also be made sensitive to local customs and variations (e.g., contracting for software programming service in India as opposed to Taiwan). The number and kinds of such behaviors that can be specified through intelligent agents are practically unlimited. 

When all items have been purchased from a given shop, the shopper agent proceeds to the "exit," where messages are exchanged with the "cashier" to make payment and issue a receipt. Each shopper then moves to the next shop on its route, purchases the corresponding items, and continues in this fashion until all items have been purchased or no vendors are available to sell items still on the list. This latter condition reflects one of excess demand for a particular item. The Intelligent Mall, thus, is subject to the same market principles and dynamics discussed above in terms of labor markets. The dynamic and emergent behaviors associated with this distributed application—particularly where intelligent, autonomous, persistent agents are free to roam the network and conduct business on behalf of their users—are very rich and can be quite powerful. 

To summarize the key points from this discussion, the Intelligent Mall is a proof-of-concept multi-agent system developed to automate and support key knowledge-work activities along an operational supply chain. Based on in-depth knowledge of a specific supply chain process, the Intelligent Mall has been instantiated with agents that collaborate in a small federation to perform most procurement and order-fulfillment activities along the supply chain with a commercial vendor. The application is designed to represent and flexibly support a variety of users and closely integrate buyer and seller processes along the supply chain. The Intelligent Mall is also designed to conform to policies, rules and regulations that govern procurement. And the supply chain process and activities it supports are representative of many operational supply chains, in business, government, university, military and other enterprises. This provides the central tool used for adaptation to enable and support two-sided matching in labor markets. Considerable, additional information pertaining to the Intelligent Mall is available for the interested reader (e.g., see Nissen 2000, Nissen and Mehra 1998, Mehra and Nissen 1998).

Adapting the Intelligent Mall
We noted above a number of similarities between the Intelligent Mall—with its focus on products and services—and the needs of a two-sided matching market for labor. Indeed, we emphasize that the Intelligent Mall currently performs the matching process in the supply chain domain. The question is, how can the Intelligent Mall be adapted to automate and support matching in labor markets? 

Beginning with adaptations that are relatively-straightforward to implement, the mall metaphor requires minor adjustment. Because employers pay wages to employees—and shoppers pay prices to shops—it seems natural to exchange "employers" for "shoppers" and "employees" for "shops" in the mall. Second, clearly, labor markets exchange money for employees' skills and time, instead of products and services, so the items for sale in the mall need to change accordingly (e.g., items listed for sale in the mall could reflect various employees searching for jobs, instead of products and services). Finally, the concept price used for valuation and exchange has a direct analog in labor markets (e.g., wage rates).

In the context of the hierarchical process described above for DoN and other closed-system internal labor markets, intelligent agents (commands/employers) would search the mall for their preferred employees. To reflect differing labor values, commands/employers could shop in decreasing order of priority.  Higher priority jobs would be the first to identify and hire (purchase) their preferred employees; lower priority jobs would search later, choosing from the remaining labor. With labor shortages, the labor supply would be completely exhausted before filling the lowest priority vacancies.

With only these relatively-minor adjustments to the Intelligent Mall, this multi-agent system can be used at present to automate and support search and matching in electronic labor markets, just as such functions are performed today for products and services along the supply chain. And relative to archaic centralized planning systems or crude information-retrieval "bots" used today in labor markets, this straightforward application of agent capability can improve performance considerably (e.g., in terms of increased speed, greater information gathering, improved preference matching).

However, this Intelligent Mall application is effectively limited to one-sided matching; job assignments reflect the employers’ preferences, (i.e., reflect demand efficiency). Supply efficiency suffers, in much the same way as it does with the Navy's current, hierarchical detailing system. Therefore, notwithstanding the likely increases in efficiency (e.g., greater speed, more information), this approach is unlikely to improve efficacy. In the domain of business process reengineering, this effect of using technology is colorfully referred to as "paving the cowpaths" and "automating the mess" (Hammer 1990). This reinforces the need to more closely integrate employment markets and intelligent agents.

INTEGRATED EMPLOYMENT MARKET AND AGENT DESIGN
Describing potential matching algorithms helps illustrate the issues involved in adapting the Intelligent Mall to two-sided matching markets. To simplify, suppose each company requires one employee to fill one job vacancy, and each employee can only fill one job vacancy. Furthermore, salaries are predetermined and invariant for each vacancy. This one-to-one matching process is equivalent to the “marriage market” (Gale and Shapley 1962, Crawford 1988, Harrison and McCabe 1989, Roth 1990, pp. 15-121). In this model, salary can be considered a job characteristic that affects employees’ job preferences, along with work environment, promotion prospects, job location/commute, etc. This simplified model provides a convenient starting point. In more complicated two-sided matching models, employers can hire groups of candidates for particular jobs (e.g., several software programmers to develop a new product), and wages vary during the matching process as necessary to balance supply and demand for high-priority undesirable jobs. These extensions will be considered briefly.

In the one-to-one matching model, the matching algorithm begins when employers identify and rank all candidates qualified to fill a job vacancy. Employers then extend job offers to their highest ranked candidate. Candidates with multiple offers tentatively accept the job proposal they most prefer; candidates reject offers they consider unacceptable (i.e., they would rather not work than accept that offer). Employers that have job vacancies after this first round extend offers to their second highest ranked candidate, whether or not that employee has entered a tentative agreement. Again, candidates tentatively accept their preferred offer (potentially rejecting offers accepted in the previous round) and reject unacceptable proposals. The process continues through additional rounds until no tentative agreement or newly tendered offer is rejected. In each round, employers with vacancies extend offers to their highest ranked candidate that has not previously rejected their offer. After completing this process, some job vacancies may remain unfilled (if all acceptable employees are assigned to jobs the employees prefer to the unfilled vacancies). Similarly, some personnel may be unemployed (if all acceptable jobs are filled with candidates preferred by the employers). However, there will never be unemployed labor if labor is in short supply and any job is better than no job.

Roth (1990) has shown that this matching algorithm produces a stable outcome (there are no employers or candidates who are not matched to one another in the final outcome, but who prefer each other to their final assignments). However, this algorithm produces an outcome that emphasizes employer relative to employee preferences (an “employer-optimal” outcome). Reversing employer/candidate roles generates an alternative stable outcome that favors employees (an “employee-optimal” outcome). In this case, candidates offer to work for their preferred employer; employers accept their preferred offer and reject unacceptable proposals. As above, the employee-optimal outcome may include unfilled job vacancies and unmatched personnel. In fact, the unfilled jobs and unmatched personnel are the same in both the employer-optimal and employee-optimal algorithms. Both algorithms fill the same jobs and assign the same candidates, but different candidates fill different jobs.

The iterative nature of the one-to-one matching (marriage) model is the primary difference between this model and current Intelligent Mall applications. Furthermore, this iterative process is required to incorporate both demand and supply efficiencies. This iterative process effectively converts the labor market application from a one-sided matching model to a two-sided matching model. Thus, this is one critical extension.

Allowing employers to hire multiple candidates for a particular job (many-to-one matching or the college admissions model) complicates the matching process (Roth 1985, Roth 1990, pp. 123-186). Employers extend several job offers (up to the number of unfilled positions) and tentative matches involve groups of candidates. However, the matching process involves the same iterative nature. This extension is compatible with the Intelligent Mall technology. Employer agents simply shop for multiple candidates to fill a particular job, just as shopper agents can currently purchase multiple copies of the same products or services through RFQs.

Prioritizing jobs also requires a two-sided matching model/Intelligent Mall extension. In competitive markets, priorities are determined by the value of the output that labor produces and reflected in the wages employers are willing to pay. If there are labor shortages, higher valued employers will increase the wage rate to attract sufficient labor; lower valued users will drop out. In closed-system internal labor markets, such as DoN, wage rates do not adjust to reflect labor shortages and job priorities. Hierarchical labor markets use administrative processes to incorporate relative job values (e.g., administratively prioritizing jobs by function/mission). The two-sided matching model/Intelligent Mall application just described does not consider job priorities. Thus, the unfilled vacancies at the end of the matching process may be high priority, but less desirable jobs.

Variable bonuses (salaries) can be used in a two-sided matching market to reflect job priority. The term bonuses suggests that this compensation can take various forms (e.g., wage supplements; benefits, including release time, conference travel, etc.; “brownie points” that influence future promotions or job assignments; etc.). Bonuses act as compensating wage differentials in competitive labor markets. In particular, bonuses can be offered for the important but undesirable jobs left unfilled. During the iterative matching process, bonuses can change as appropriate until high priority jobs are “voluntarily” filled with appropriately skilled personnel. In the two-sided matching process, this complicates the matching algorithm (Kelso and Crawford 1982, Roth and Sotomayor 1990, pp. 171-86); in the Intelligent Mall specification, this requires updating prices before each shopping iteration. And prices, in this labor-market context, refer specifically to some kind of variable bonus or compensating wage differential.

One of the critical issues in this extension involves how the bonuses are established (e.g., offered by employers, demanded by candidates, or established through a bidding process). Alternative schemes to determine the required bonuses will have implications for how employers and candidates behave (strategic behavior) and the resulting distribution of labor across jobs. If bonuses are pre-announced and never updated, they may not effectively balance demand and supply for high priority undesirable jobs. If bonuses are systematically increased over time until candidates accept the high priority undesirable jobs, candidates have an incentive to delay the match to receive a higher bonus; but they risk someone else filling the job during their holdout. Finally, bonuses can be determined through a bidding (auction) process designed to identify the minimum bonus that attracts the candidate most willing to accept the assignment in question. (Vickery 1961, Myerson 1981, 1983, and Milgrom and Weber 1982.) Regardless of the mechanism used to determine the bonus, the impact on the matching process/Intelligent Mall is effectively the same. (Assignment games provide an alternative approach; Demange and Gale 1985, Demange, Gale and Sotomayor 1986, Roth and Sotomayor 1990, pp. 202-39, and Shubik 1984, pp. 191-225)

This discussion suggests some potential issues in integrating Intelligent Malls and two-sided matching models to address labor market issues. The relevant modifications will likely depend on the specific characteristics of the labor market involved. For example, assignment-related bonuses are critical for DoN’s detailing process. DoN faces a labor shortage and an institutionally constrained compensation system. Without compensating wage differentials, DoN may have trouble filling high priority undesirable jobs using a two-sided matching model (as opposed to DoN’s current one-sided hierarchical matching model). A bonus system might be less relevant for commercial firms with variable wage rates and no labor shortage. Successfully integrating the Intelligent Mall and two-sided matching models requires accurately characterizing the labor market and identifying the relevant model modifications. As discussed in terms of future research below, it now remains to investigate a specific labor market, in detail, in order to determine the particular market and agent mechanisms and specifications.

CONCLUSIONS AND FUTURE RESEARCH
Jobs and job candidates are typically matched through either market-based or hierarchical assignment processes. At one extreme, wage rate adjustments in market-based labor markets automatically balance labor demand and supply while maximizing demand and supply efficiencies. To operate effectively, market-based labor markets require perfect information about job vacancies and candidates. This information is decentralized across employers and job candidates, typically incomplete and haphazardly gathered. At the other extreme, hierarchical labor markets rely on administrative procedures to assign employees to jobs. Administrative procedures must consciously attempt to balance labor supply with demand and supply efficiencies with demand efficiencies. Furthermore, hierarchical labor markets require the same information as market-based labor markets, but this decentralized information must be centrally collected and processed.

Integrating Intelligent Malls with two-sided matching models offers a compromise labor assignment mechanism. The Intelligent Mall provides a technology for effectively collecting and processing decentralized information and acting on that information. Two-sided matching models provide a game-theoretic approach to balancing labor supply with demand and supply efficiencies with demand efficiencies. The appropriate two-sided matching model and Intelligent Mall modifications depend on the specific characteristics of the labor market in question.

This discussion has described the general issues involved in integrating these two tools. Future research will focus on developing these modifications for specific applications. One application under investigation involves the Department of the Navy’s job assignment process for enlisted sailors. This represents a particularly challenging application. DoN faces institutionally constrained wage rates, a closed-system internal labor market (no mid-career labor force entrants), labor shortages and frequent job rotations (every two to three years). Modifying and integrating the Intelligent Mall and two-sided matching model for this application will demonstrate the ability to apply this approach to a variety of internal job assignment problems.
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� It is important to note that all units of labor are homogeneous (interchangeable) within a market-based labor market.  Jobs that require different skill levels are considered different labor markets.
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