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An MAS of the PSC was created based on a previous case study, COMPUSTAT, and FDA data.  The 

model is initialized based on 1982 financial data with 30 manufacturers, 60 suppliers, and 60 distributors.  

Three types of drugs: blockbuster, average, and low; with a seven year log-normal product life cycle are 

released by manufacturers based on a random function normed to FDA and Congressional Budget Office 

data. Each quarter distributors bid for future market share and suppliers bid based on lowest acceptable 

margin.  Intra-class mergers and acquisitions are allowed based on assets and perceived profitability.  The 

results follow empirically derived supply chain structure seen in our case study and previous academic 

studies – consolidation, decreased productivity, and decreased profitability.  After 177 replications of 30 

years, the standard deviation of PSC assets is 25% of the mean with significant negative kurtosis.  

Implications for PSC strategy and government policy are discussed.  

*corresponding author



Multi agent model of Pharmaceutical Supply Chain 

A multi agent system involves interplay between multiple interacting agents. Although individual agents 

may follow a simple strategy, it may result in complex evolution of the system (Hoen and Jong, 2004). 

Therefore, multi agent system (MAS) methodology is used to analyze systems which are too complex to 

be solved using alternative methods (traditional mathematical or statistical). Application of MAS is ideal 

for problems whose solution is dynamic, uncertain and of distributed nature. There are many industrial 

problems with these characteristics, particularly those involving individuals or work centers and their 

interaction with physical assets; and networks of organizations, (Aldea, 2003) e.g. railways traffic control, 

logistics network management (Paul, 2006) , Routing problem(Urquhart, Ross, Paechter, and Chisholm, 

2002), etc.  

The pharmaceutical industry is one of the most dynamic and largest sectors in United States economy. 

According to the Bureau of Labor Statistics (BLS), pharmaceutical manufacturing ranks among the fastest 

growing industries – providing 292,000 jobs in 2006 with a high concentration in North Carolina.   The 

state is also home to many of the world’s largest biotechnology pharmaceutical companies (including 

facilities belonging to industry leaders like Glaxo Smithkline, Biogen Idec etc).  The study of 

pharmaceutical supply chain and its evolution is, therefore, of particular importance to North Carolina. 

Pharmaceutical supply chain, given its large number of players and dynamic nature, can be considered as 

a system of autonomous agents (Suppliers, Manufacturers and Distributors). Each player has individual 

rules/policy but their interaction is largely governed by government regulations, consumer markets and 

financial markets. Historically, the pharmaceutical industry was composed of small manufacturers. In 

1970’s it expanded and then rapidly consolidated. By the mid 1980’s this resulted in several large players. 

The presence of large manufacturers coupled with a strict regulatory environment created a tough 

operating environment for smaller firms. Since the early 90’s pharmaceutical industry has the following 

characteristics: 

• Large number of players 
• Fierce competition. 



• Uncertainty over research productivity. 
• Uncertain demand.  
• Changing regulatory environment. 
• Decreased exclusivity. 
• Competition from generics after the end of patent life.  

 

MAS has been successfully implemented in the past to model complex systems such as online trading, 

social structures, dynamic manufacturing scheduling, production planning, transportation, logistics, 

supply chain  etc (Shen, 1998). For example, Davidsson and Wernstedt (2006) developed a framework for 

evaluation of MAS approaches to logistics network design. This framework was used to design a logistics 

network to cope up with the uncertainty caused by the difference between the estimated and actual 

customer demand. The logistics network with centralized distribution (as compared to agent based 

distribution) required 3 % excessive production to meet the same quality of service. In another study, 

Gomez, Rodriguez,  Franco and Ortiz (2005) introduced a MAS architecture to enable collaborative 

scheduling within an ECOSELL (extended collaborative selling chain) to meet the delivery date agreed 

with the customer. Bel and Stokkum (1999) developed a multi agent traffic control model to improve the 

performance of Dutch Railways. The multi agent based model reduced the mean duration of short delays 

by 25% and average virtual cost by 40 %. 

Competition in the pharmaceutical supply chain and uncertainty of research productivity results in a 

dynamic Supply Chain. The players engage in short and long-term partnerships as well as mergers and 

acquisition to survive (Danzon, Epstein and Nicholson, 2003).  With each year, these alliances result in an 

emergence of a new structure. Due to the importance of the Pharmaceutical Industry and the dynamic 

interplay between manufacturing systems, product lifecycle, and government regulation, this research 

addresses two questions:  

1. How should various agents (Manufacturers, Suppliers, and Distributors) in the 

Pharmaceutical supply chain be modeled? 

2. Do certain structures result in superior supply chain financial performance? 



Modeling the Pharmaceutical Supply Chain 

Although we are working towards a more complete model of the pharmaceutical supply chain, we present 

a scaled down version for these conference proceedings.  This model contains suppliers, manufacturers, 

and distributors.  A complete model would also include retailers, hospitals, and pharmaceutical benefit 

managers.  There are several important characteristics of the model: 

1. Drugs have a product life cycle of seven years.  Although patents last twenty years, by the time 
drugs are approved by the FDA, on average thirteen years have passed.   

2. There are three types of drugs: small, average, and blockbuster – based on sales.  The sales 
figures for these drugs were based on previous research (Rossetti, Handfield, and Dooley, WP) as 
well as values that provided similar revenue to that seen in industry.  

3. Horizontal mergers and acquisitions are allowed, but not vertical integration.  That is suppliers 
can buy suppliers, but not manufacturers or distributors.  

 

The following table describes the simulation and agent’s rules and will be referred to in the description of 

the game.   

Table 1. Agent and Game Rules 

 

Agent Starting position general rule Bidding rules M & A rules Assets modification rules 

M
an

uf
ac

tu
re

r 

1. 30 Manufacturers. 
2. Starting assets obtained from     

triangular distribution.  
3. Distribution obtained by fitting the 

log of total assets of 
manufacturers in 1982. 

4. Scores not changed till 30th 
Quarter. 

 

1. Supplier bids on margin it is willing 
to accept. 

2. Distributor bids on inventory it is 
willing to forward buy. 

 
3. If bid value for 2 agents is same and 

is equal to the winning bid value, 
then the one with greater number of 
active bids wins the contract. 
 

Manufacturers merge if: 
• Score1 > 2 X Score2. 
• Ln(HPOR2**)>1 

After each round, Odds 
ratio(HPOR) is used to 
find the potential 
candidates for the merger  

1. Cost Function 
(Depreciation of Assets) 
New Assets= 0.95 X 
(previous score-inflation 
X margin X product 
revenue) - Suppliers 
margin from revenue. 

2. Margin (Contribution to 
Assets)=20%, 30%, 70% 
for small, medium and 
large products. 

 

Su
pp

lie
r 

1. 6o Suppliers 
2. Starting assets obtained from      

triangular distribution. 
Distribution obtained by fitting the 
log of total assets of Suppliers in 
1982. 

3. Scores not changed till 30th 
Quarter. 

4. Starting bid value=10 

1. Bid estimation rule: 
• If lost previous 2 rounds 
     Bid= Last round bid – RN*(0-

0.1). 
• If won at least 1 of the previous 

2 rounds  
     Bid= Last round bid+RN(0-0.1). 

2. The supplier with the lowest bid 
value   wins the bid. 

 
 
 

Suppliers(1 & 2) merge if: 
1. Assets1 >4 X Assets2 
2. Averageprofit2>Averag

eprofit1 
3. Where average is taken 

over last 4 quarters. 
4. Supplier1 is not the 

biggest supplier. 
5. Assets1+Assets2 > 

Assets of biggest 
supplier. 

1. New score= 0.95 X 
previous score-inflation 
X margin X product 
revenue. 

2. Margin % is the lowest 
bid value. 



D
is

tr
ib

ut
or

 
1. No of distributors in a location 

depends upon the population in 
that region. 
• Distributor in location1=15 
• Distributor in location2=24 
• Distributor in location3=12 
• Distributor in location4=9 

2. Starting assets obtained from     
triangular distribution. 
Distribution fitting the log of total 
assets of distributors in 1982. 

3. Scores not changed till 30th 
Quarter. 

4. Starting bid value=10 

1. Initial 30 rounds: 
• If lost previous 2 rounds 
     Bid= Last round bid + RN(0-

0.1). 
• If won atleast1 of the previous 2 

rounds 
     Bid= Last round bid-RN(0-0.1). 

2. After 30 rounds bid depends upon 
the returns from the old products of 
the manufacturer to the distributor: 
• If Expected bid > 10 % of Assets 

then bid= 10% of the Assets. 
• If Expected bid < 10 % of Assets 

then bid= Returns. 
3. The distributor with the maximum 

bid wins the contract for the 
product. 

 
 
 

Distributors(1 & 2) merge 
if: 
1. Assets1 >4 X Assets2 
2. Averageprofit2>Averag

eprofit1 
3. Where average is taken 

over last 4 quarters. 
4. Distributor1 is not the 

biggest player in that 
region. 

5. Assets1+Assets2 > 
Assets of biggest player 
in that region. 

6. Mergers occur only 
within a region. 

 

1. New score= 0.97 X 
(previous score-inflation 
X Margin X population 
ratio X product 
revenue). 

2. Margin=10 %. 
3. Population ratio in the 4 

regions: 0.25, 0.40, 
0.19, 0.16 

Pr
od

uc
t 

1. Drugs are released by 
Manufacturers if the following 
condition is satisfied: 
Score X RN(0 to100)/total score 
of manufacturers>3.9 

2. For the initial 30 rounds, products 
do not contribute to the scores. 
We just build the product 
portfolios for the manufacturers, 
Suppliers and distributors. 

3. There are 3 kinds of products: 
Small, Medium, and Block Buster. 
Each drug follows a lognormal 
product lifecycle lasting 7 years 

4. The type of drug is decided based 
on the random number. 
• RN<=3 => small drug 
• 3< RN <9 => medium drug 
• RN >=9 => Block buster. 

1. When a supplier or a distributor 
wins a bid, the contract lasts for 7 
years.  

2. This is based on the average time 
a manufacturer enjoys exclusive 
manufacturing rights under the 
current patent life laws and time to 
bring products to market.  

When a merger occurs, 
1. The supply chain is 

product specific.  
2. The Supply chain 

network of the old 
player is assigned to 
the new player. 

3. The contracts of the 
old players are 
assigned to the new 
player. 

1. Inflation factor for drug 
price obtained by 
comparison with 
consumer price index. 
Increase in drug price = 
3 X increase in 
consumer price index. 

2. Product revenue 
depends upon type of 
product and the year 
within its product 
lifecycle.  

3. Demand is distributed  
in the 4 regions in the 
following ratio: 0.25, 
0.40, 0.19, 0.16 

 

*RN : Random Number 

**HPOR : High Performance Odds Ratio 

 

Simulation starts with assignment of score to each kind of player. The scores represent each firms total 

assets.  Scores are assigned randomly based on triangular distribution, TRIA(minimum, mode, 

maximum), that has been fitted to the log of the firm’s total assets.  The parameters are estimated based 

on 1982 from the Compustat database.  For Manufacturers the parameters are: TRIA(4.2,7.63,9).    For 

Suppliers the parameters are TRIA(3.72, 7.15, 8.52).  For Distributors the parameters are: TRIA(2 , 3.1, 

7.76).    Each time a simulation starts, new starting scores for each type of agent are obtained from these 

distributions.  



Every quarter, products are released by the manufacturers as per the rule mentioned in the Table 1. There 

is an uncertainty associated with the launch of product. Manufacturer’s investment in the R&D may or 

may not result in a successful release of a product (Henderson and Cockburn, 1996). Also, there is an 

uncertainty associated with the demand for the product.  Per our previous case study and Kurawarwala 

and Matsuo (1996), we model three types of products.  Manufacturer’s products could be small, medium 

or blockbuster. Based on our previous case study and recent conversations with industry experts revenue 

for each product follows a typical product lifecycle.  This is modeled as a lognormal distribution over 

time. One key difference in our approach is the inclusion of drug price index.  The Congressional Budget 

Office estimates that drug prices have increased at three times the increase in consumer price index (CPI).  

Therefore, although base revenue (demand) is driven by the log normal curve, revenue each quarter is 

inflated by the Drug Price Index (DPI).  We assume that all costs will rise with inflation and affect each 

player similarly.   

Once a product is released the distributors and suppliers bid with the manufacturers to get the contract for 

the released product. Distributors are spread among four US markets where demand is estimated based on 

percentage of the population in each quadrant.  Each region is then served by a different number of 

distributors.  Cross distribution is not allowed.   After a product is released, distributors in each region bid 

to win the contract for the product. The bid values are estimated by each distributor as per the bidding 

rules for the distributor in the Table 1. The distributor that bids for the maximum share of the product 

demand wins the contract. The risk to the bidding distributors is that they will buy too much forward 

demand – bidding for a blockbuster when the drug proves to have modest sales.  To hedge against 

bankruptcy, the distributors only bid a maximum of 10% of their total assets.  The winner gets the 

contract for the entire product life cycle (7 years or 28 quarters / rounds) as per the rule mentioned in the 

table. The distributors get fixed 10% margin on each product and are assumed to have variable and fixed 

costs of 3% of their total assets.  

Suppliers provide ingredients to the manufacturers to produce drugs. Their bid values represent their 

margin. The supplier providing the ingredient with the lowest margin wins the contract. Hence each 



supplier tends to reduce the bid value to win the contract for the product but not by a large percentage. 

Suppliers estimate their final bid value based on the past 2 bidding experience as per the rules mentioned 

in Table 1. The contract for each product last for 7 years.  The margins from each contract are based on 

the bid. Since fixed costs represent the majority of pharma-chemical manufacturer’s cost, fixed and 

variable costs are the same as the manufacturer at five percent of the total assets (Rossetti, Handfield and 

Dooley, WP).  

Mergers and Acquisitions (M&A) are allowed after each quarter.  Conditions for an M&A are tested on 

suppliers, manufacturers and distributors. The conditions are mentioned in the M & A column in the 

Table 1. Since drugs (products) create revenue, M&A between suppliers result in their active products, 

active bids, as well as their scores, being assigned to a new supplier. The new supplier has the combined 

products, bids, and assets under management.  Similar rules are applied for the distributors.  Since 

distributors base bids on previous history, M&A between distributors result in more experience in 

estimating the kind of product that may be introduced by a particular manufacturer. When manufacturers 

merge, they also combine assets, products and contracts into a new manufacturer. 

Simulation and Analysis 

This preliminary analysis included 177 games of 120 quarters representing approximately 1982 to the 

present.  Each game is populated with suppliers, manufacturers, and distributors per Table 1.  In the first 

30 quarters of the game the assets are not adjusted and mergers and acquisitions are not allowed.  This 

allows relationships to form between supplier, manufacturers and distributors as manufacturers build up a 

portfolio of products.    177 simulations resulted in a database ~200 MB in size.  Queries were used to 

identify assets of each supplier, manufacturer, distributor and drugs released for each round.   The 

following charts show the number of surviving firms and the amount of assets.  The charts are divided 

into 20 quarter increments and represent a snap shot of the game at the end of each interval.  The first two 

increments show the starting position for all games.  The data is presented in the form of box plots by 

each type of firm: max, min, average, upper and lower quartiles. 



The first chart shows that mergers and acquisitions are not uniform across games.  Manufacturers have 

the most advanced M&A rule and consolidate rapidly as do distributors.  Suppliers follow a far more 

dynamic path.  This result follows expected results from a complex adaptive system (Choi, Dooley and 

Rungtusanatham, 2001); as the number of agents increase, the state of the system is less easily predicted.   

This has implications for the analysis of future models populated with more realistic number and classes 

of players.   

Figure 1. Number of Surviving Firms 

 

The second chart shows the assets of each class of firm per twenty quarter increments.  All games result 

in lower assets for players.  There appears to be several reasons for this.  The first is that suppliers are 

allowed to bid below cost.  Since there are twice as many suppliers as manufacturers, the competition 

between suppliers is intense.  Margins quickly reduce to zero though costs remain constant at five percent 

of assets.  Consolidation and oligopolistic competition leads to stabilization of assets, but at a much lower 

level than this tier of the supply chain started with.  Manufacturers fare best in the simulation.  Since their 

cost structure contains a component of fixed and variable costs, manufacturers gain the most from 

blockbuster drugs.  They are hampered by diminished productivity relative to size.  The manufacturers 

lose five percent of their assets, but they release drugs based on a random component that is correlated to 

size.  The games tend to release drugs of comparable sales to those found in industry and also in greater 

quantity.  The revenue from these drugs cannot compensate for the loss of assets due to the manufacturers 



size.  To say it another way, the entropy of the manufacturer’s assets cannot be compensated for by the 

increased probability of success given their larger assets.  This result is confirmed by what is occurring in 

large pharmaceutical companies.  

Large pharmaceutical manufacturers have consolidated rapidly in hopes of gaining economies of scale in 

manufacturing and research and development (Henderson and Cockburn, 1996).  Contrary to their hopes, 

manufacturers have seen costs rise and research productivity decrease.  Most new products are now 

acquired through mergers and acquisitions as opposed to created in house.  Increased competition from 

generics and biopharmaceuticals are forcing large pharmaceutical manufacturers to revisit their decade 

old mass-marketing based business model (Rossetti, et al., WP).   

Distributor’s performance tends to remain the most constant.  Because distributors compete within 

particular regions, they quickly consolidate to a level that promotes oligopolistic competition.  In 

addition, since they don’t compete on margin, but on willingness to forward buy product, distributors do 

well as long as they can afford to buy forward inventory.  In addition, their cost structure is lower which 

enables them to grow without incurring such a high penalty for assets / size.     

Figure 2. Average Assets of Surviving Firms 

 

Although this research is still in its incipient stage, we performed some statistical analysis on the 

performance of the pharmaceutical supply chain.  As seen previously, the assets or size of the firms varies 



greatly between different games.  Below is a histogram of the outcomes of the 177 games.   There are a 

wide variety of end states.   

 

Figure 3. Histogram of Final Assets 
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Given that autonomous agent models are prone to state dependent results, we attempted to discern which 

factors had the greatest impact on final assets.  This simplified analysis uses regression with lagged 

variables, direct effects, and cross-products with time – business quarters.  We analyzed the quarter 

(linear, square, and cubic), the first and second lag of the assets, each tier of the supply chain’s 

concentration, the number of drugs released by the supply chain, and the interaction of concentration and 

drugs with time.  The analysis of variance (see Table 2) shows that the model is significant with an F 

statistic of 3759 and an R^2 of 0.81.   The coefficients show that the end state of pharmaceutical supply 

chain is highly dependent on when mergers and acquisitions occur and when drugs are released.   

 

Table 2. Analysis of Variance 



Source DF Sum of Squares Mean Square F Ratio
Model 19 5.76E+12 3.03E+11 3759.087
Error 16216 1.31E+12 8.07E+07 Prob > F
C. Total 16235 7.07E+12 0

RSquare 0.81
RSquare Adj 0.81
Root Mean Square Error 8984
Mean of Response 62001
Observations (or Sum Wgts) 16236

 

Table 3 shows the coefficient estimates for the direct and indirect effects (cross product terms).  The 

intercept indicates the average level of the assets if the game were to start at round zero without 

constraints on revenue generation and M&A activity.  The round (time term) shows that the total assets of 

the supply chain is cubic in nature.  As shown in individual time-series plots, assets tend to decrease 

rapidly, level or rise slightly, and then drop (see Figure 4. for a representative time series plot).  The lag 

effects of Total Score are significant, but the mean effects are not substantial relative to other variables in 

the model.   

The direct effect and indirect effects of concentration are significant and interesting at the Manufacturer 

and Supplier levels of the pharmaceutical supply chain.   Concentration is defined as the amount of 

revenue generated by the largest firms in an industry.  Higher concentration indicates that the industry 

may be susceptible to oligopoly or near monopoly pricing that may lead to inefficiencies.  To measure 

concentration we used a modified Herfindel Index equal to 1/(# of Firms) + (Stdev Assets / Average 

Assets) / (# of Firms).  Both direct effects indicate that increased concentration leads to lower total assets 

for the supply chain.  The indirect effects indicate something different.  Manufacturers’ concentration 

over time is leads to lower total assets in the supply chain.  As previously mentioned, this shows the 

effects of lower productivity by larger pharmaceutical manufacturers.   

Supplier concentration over time shows the opposite effect.  Supplier concentration decreases competition 

between suppliers and therefore increases revenue for the remaining suppliers.  In the model we assume 

supplier cost pass-through.  That is that the suppliers margins will be passed on to the consumer and the 

manufacturer does not impose a further mark-up on the supplier’s margins.   



As expected, the number of drugs released has a positive effect on total assets.  The interaction effect is 

also positive and significant.  As the game proceeds, drug release becomes more important to supply 

chain profitability.  This result appears to corroborate our premise that manufacturer concentration affects 

drug releases.  A limited number of manufacturers cannot create enough drugs to maintain a profitable 

supply chain.   

Table 3. Parameter Estimates 

Term  Estimate Std Error t Ratio Prob>|t|
Intercept 225905.24 3040.86 74.29 0
Round -5850.50 119.06 -49.14 0
Round^2 63.49 1.47 43.1 0
Round^3 -0.22 0.01 -37 <.0001
Total_Score_1 0.06 0.00 30.91 <.0001
Total_Score_2 0.05 0.00 27.48 <.0001
MFG_Conc -18520.01 530.99 -34.88 <.0001
Supp_Conc -8989.30 498.20 -18.04 <.0001
Dist1_Conc -50.40 592.95 -0.08 0.932
Dist2_Conc -1458.07 416.78 -3.5 0.001
Dist3_Conc 5066.20 535.04 9.47 <.0001
Dist4_Conc -82.04 483.43 -0.17 0.865
Drugs 659.15 77.22 8.54 <.0001
(MFG_Conc-0.40616)*(Round-73.4376) -566.16 24.36 -23.24 <.0001
(Supp_Conc-0.25692)*(Round-73.4376) 165.86 19.45 8.53 <.0001
(Dist1_Conc-0.48049)*(Round-73.4376) 94.26 21.52 4.38 <.0001
(Dist2_Conc-0.4723)*(Round-73.4376) 143.68 15.23 9.43 <.0001
(Dist3_Conc-0.5202)*(Round-73.4376) 84.93 19.57 4.34 <.0001
(Dist4_Conc-0.56589)*(Round-73.4376) -116.65 16.70 -6.99 <.0001
(Drugs-3.13846)*(Round-73.4376) 50.31 2.72 18.49 <.0001

 

 

Figure 4. Representative Time Series Plot 

 

 



Implications 

Although this research is in its formative stage, there are several implications for managers and 

policy makers.  Our research indicates that bigger pharma may not be better.  According to our 

model, when manufacturers consolidate, they can’t cover the cost of supporting their large asset 

base – plants, equipment, research laboratories, administration etc…  Although their research 

productivity increases as they grow, as measured by the number of drugs released by individual 

manufacturers, the productivity of the supply chain diminishes.   In addition, since drug sales 

represent a fixed pie, only blockbusters will support the cash drain from larger assets.   

In the simulation merger activity is based on the acquirer’s determination that the acquisition will 

perform above itself as well as industry average.  As appears to be the case in reality, the agents 

assume that past performance in drug development is a good predictor of future performance. 

The acquirer examines each manufacturer based on the number of drugs it has released in the 

past two years.  Unfortunately, by this time the drug is approaching its maximum sales.  

Although the larger manufacturer has a greater chance at creating a drug over many games.  

Results show that over the course of a sample of 177 games, the manufacturer is not assured that 

this increase in probability is greater than that of two large manufacturers. 

Policy makers may be tempted to regulate manufacturer prices in order to decrease their share of 

supply chain profits and pass savings onto consumers.  Our findings show that this form of 

regulation may have a limited impact. Currently, manufacturers are spending in excess of 20% of 

their revenues on sales and marketing activities.  This activity is deemed necessary to fulfill a 

requirement for blockbuster drugs.  Our results indicate that blockbusters are more necessary 

than the number of drugs released.  If prices are limited, manufacturers will more likely cut back 

on research and development activities and focus more energy on marketing.   



In this research we have proposed a framework for modeling the pharmaceutical supply chain 

using autonomous agent simulation.  We’ve shown that this methodology can adequately capture 

the complexity of this supply chain.  It provides insights into the effective micro strategies and 

macro policies.  We found that distributors have a limited impact on supply chain profitability.  

Manufacturers and suppliers through drugs released and consolidation impact profitability 

greatly.  Consolidation at the manufacturer level tends to decrease profitability.  It is 

hypothesized that this is due to decreased productivity.  Consolidation at the supplier level 

increases supply chain profitability because rents from increased bargaining power are passed on 

to the consumers.    
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