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This paper is devoted to the presentation of a discrete-event (DES) simulation model to represent the drug development process and to help decision-making. The presentation is mainly focused on the development of the simulator initially developed for scheduling, planning and design purposes. A typical example involving 6 drugs is used as a test bench to illustrate the proposed methodology. Monte Carlo trials are used for each portfolio of drugs. Each trial can be viewed as a simulated path of the potential product along the probabilistic network. Different scenarios are analyzed, reflecting the pessimist or optimistic viewpoint of the decision's maker.

Introduction

A fundamental challenge in managing a pharmaceutical or biotechnology company is identifying the optimal allocation of finite resources across the infinite constellation of available investment opportunities. In that context, the optimal management of the new product pipeline has emerged at the forefront of all strategic planning initiatives of a company. This issue is traditionally identified as a complex one since it integrates various areas such as product development, manufacturing, accounting and marketing, with a large variety of parameters and decisionmaking levels. A strategic investment plan should simultaneously address and evaluate in a proper manner the following four main issues: product management, clinical trials uncertainty, capacity management and trading structure. It is also generally viewed as a multistage stochastic portfolio optimization problem. This paper is devoted to the presentation of an architecture that combines an optimization procedure based on a genetic algorithm and a discrete-event (DES) simulation to assess the uncertainty present in the pipeline and to help decision-making. The presentation is mainly focused on the development of the simulator initially developed for scheduling, planning and design purposes. The objective of the simulation section is to evaluate some performance indicators that may be useful for the decision's maker, for instance the expected net present value (NPV) computation. A typical example involving 6 drugs is used as a test bench to illustrate the proposed methodology. Monte Carlo trials are used for each portfolio of drugs. Each trial can be viewed as a simulated path of the potential product along the probabilistic network. Different scenarios are analyzed, reflecting the pessimist or optimistic viewpoint of the decision's maker.

System description and model formulation

Basically, three stages are involved in the life cycle of a pharmaceutical product: discovery, development and commercialization. More precisely, the tasks involved during the New Produc Development (NPD) to market (e.g. development, manufacture, clinical trials) require resources (e.g. capital, in-house capacity, personnel, contract manufacturing capacity). Our idea was to use the potential of discrete-event simulation to model the series of decision points along the drug development pathway. For example, at the end of each phase of clinical trials the probability of clinical success resulted in go/no-go decisions. Further decision points include those made at each manufacturing stage which could be carried out inhouse or by a contract manufacturer; this was determined as a function of the available capacity at a particular time. Figure 1 shows the main decisions and some examples of the options available for a drug process development, established from the work of [START_REF] Rajapakse | Integrated approach to improving the value potential of biopharmaceutical R&D portfolios while mitigating risk[END_REF]). A set of potential products are given, each of which must undergo a set of testing tasks. Each task has an associated duration, cost, and probability of success. Given the income for each product as a function of the time of product introduction, the problem is to model tasks scheduling while computing the traditional Net Present Value (NPV) economic criterion. 

From batch plant design to project management by Discrete-Event simulation

A discrete-event approach was then adopted to model the pharmaceutical development pathway. This technique has been identified as an efficient method to study the impact of business and process decisions considered during the management of pharmaceutical product development on the portfolio profitability. In a DES, a process is described as it evolves with time and changes take place only a finite number of times, i.e. event occurrence date. The DES was developed using C++ object-oriented language, keeping the approach proposed by [START_REF] Bérard | Towards an incremental development of discrete-event simulators for batch plants : use of object-oriented concepts[END_REF]. The tool seeks to integrate various aspects, including resource management and the development of manufacturing activities required. A conceptual model is derived from the generic product development pathway presented in Figure 1. In [START_REF] Bérard | Towards an incremental development of discrete-event simulators for batch plants : use of object-oriented concepts[END_REF], a four layer framework was proposed based on the following items {engine, event, object, supervisor}, the aim being the development of a standard library for the simulator classes that are general to any case, thus minimizing the task of treating different study cases or the variants of a given one (i.e. design or scheduling objectives). In this approach, at the lowest level, the common engine can be found. Initially, the events in the next level are generic events common to all batch plant simulations: in this case, the definition must be adapted since we have consider the whole life cycle of a project related to a product. In the same way, the objects taken into account present some similarities but differ in their appreciation: for instance, in batch plant scheduling problems (BPS), material resources are constituted by equipment whereas in NPD problems, resources may be viewed more globally. In fact, the main differences at this step occur from a terminology point of view and this can be easily transposed in the NPD formulation (see Table 1). The core of the simulator is the Engine, which has two functions: the former is to order the Events in its Calendar by their occurrence date whereas the latter is to activate them if the necessary resources are available; if not, it reports the Event to a next Date. As previously said, an Event represents a change of the real system at a given time. The class Event is a basis class from which the different Events must be defined. If resources for this activity are available, the Event is activated; conversely, if resources are not available, the activity will be scheduled later. An Event is characterized by its occurrence date, its action over the system and a type that enables to give priorities when two or more Events have the same occurrence date. As a general rule, Events which release resources have priority over the others, and when Events have the same type, the classical FIFO rule (First In First Out) is applied. This will be useful when different projects compete for the same resources. The Event Class previously developed was generic enough to embed the NPD formulation. An important class is the so-called Stage Class that involves the activity of a product at a given stage requiring a given amount of resource and time. The net present value (NPV) of each product candidate is generated as a function of the year and computed at several steps. Constrained resource availability is considered in the model : it means that if two tasks compete for the same resource with a limited level, a decision rule must be applied. The traditional FIFO (First In-First Out) rule is applied first. In case of equality, priority is given to the drug with the highest market value. It is also assumed since the duration of each task is never shorter than one year that the capital resource is renewable (yearly budget allocation). The probability of a candidate failing a task at the so-called Probability stage Class results in cancellation of the development process for that candidate.

Figure 2 Relationship between classes -system activities

Case study

The case study is an adaptation of the example presented in [START_REF] Rajapakse | Integrated approach to improving the value potential of biopharmaceutical R&D portfolios while mitigating risk[END_REF]. It involves a portfolio of six potential monoclonal antibodies (MAbs) that are ready for clinical development. Given the finite level of resources available, the simultaneous development of the six products can not be carried out. The interest of the simulation approach is to provide decision-makers with an explicit view of the best product mix in order to satisfy performance indicators. Probabilities were assigned to reflect the level of uncertainty related to the considered drugs (see Table 1). They are representative of the kind of information available from experts in the pharmaceutical industry. The probability distributions assigned to key risk factors for drugs relevant with differing levels of uncertainty are given in Table 2. The phase transition probabilities reported in [START_REF] Reichert | Monoclonal antibodies in the clinic[END_REF] from a large data collection and analysis for 186 antibodies entering clinical studies were considered for this case study and are shown in Table 3. The chance of failure due to technical reasons was set again according to the uncertainty level assigned to a particular drug candidate with those deemed to be high risk having a higher chance of failure due to technical reasons (Table 4). Drug B was modelled as a new indication for an existing drug and hence there was no technical uncertainty associated with it. Three scenarios are considered based on level of resources for drugs development (see Table 5). Scenario 1 considers all six drugs in the portfolio and unlimited levels of resources, thus establishing a base case against which to compare the results from resource-constrained simulations. Next, two resource levels of $500M and $750M were defined as constraints with a lower number of drugs to be developed. 

Simulation implementation and results analysis

To take into account the stochastic nature of the problem, the simulation is repeated 350 times selecting random sampling values. The computation of the Net Present Value (NPV) is cumulated along the evolution of a project for a given product or a sequence of products. The considered economic criterion is then based on the expected value (ENPV) for the 350 simulations relative to each sequence. The risk associated to a sequence is evaluated by two indicators: the former, (Risk 1 ), is based on the number of times that the NPV is negative for the products in a given sequence and the latter, (Risk 2 ), considers the NPV standard deviation. The simulation was performed for the set of 36 sequences as it was defined in [START_REF] Rajapakse | Integrated approach to improving the value potential of biopharmaceutical R&D portfolios while mitigating risk[END_REF]. The results displayed in Figures 3 and4 represent the ENP versus (Risk i ). It can clearly be seen that two sequences are particularly interesting for the decision maker. Both involve a sequence of three products (ACD for portfolio 5 and ABD for portfolio 2). The results thus show that diversifying the portfolio is not recommended to generate profits: the 6-product sequence exhibits low performances. This behaviour can be explained by the high number of failures of products at trial phases as shown in Figure 5, representing the number of products reaching the commercialization phase for the 350 simulations. This trend is confirmed by the computation of the corresponding NPV (see Figure 6, for instance, 700 times). It must be yet observed that the NPV standard deviation is relatively high, which is due to the typical adopted cost values relative to each step of the process. These trends are confirmed by the results presented in Table 6, in which the confidence limits for each sequence are computed from the ENP viewpoint.

Conclusion

This study has presented a simulation approach to evaluate product portfolio selection in the development phase of pharmaceutical companied. The results show that simulations can help decision-aid to identify clearly where the company portfolio is positioned with regard to risk-return characteristics of alternative product portfolios and hence make appropriate investments based on limited resources. The risk is evaluated by two criteria: the former is a ratio measuring the number of sequences leading to negative NPV values relative to the total number of the performed simulations for a given sequence; the latter involves the standard deviation between the NPV values for an evaluated sequence. The flexibility of the simulation tool allows differences in product development to be captured easily. 
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Table 1

 1 General information about drugs in the portfolio.

	Drug candidate	MAb type	Market share	Uncertainty
	A	Chimeric	High	Medium
	B	Humanised	Low	Very low
	C	Chimeric	Medium	Medium
	D	Murine	Very high	High
	E	Chimeric	Low	Medium

Table 2 .

 2 Risk factors and probability distributions for drugs with differing levels of uncertainty

		High uncertainty	Medium uncertainty	Low uncertainty
		drug			drug	drug	
		Value Probability Value	Probability	Value Probability
		12	20	9	20	6	10
	Ph I development time (Months)	18 24	30 50	12 15	50 30	9 12	70 20
		12	20	9	20	6	10
	Ph II Manufacturing time (Months)	18 24	40 30	30 50	30 50	9 12	70 20
		18	20	12	20	12	10
	Ph III Clinical trial time (Months)	24	30	18	50	15	70
		36	50	24	30	18	20
		750	10	1125	30	1200	20
	Market manufacturing cost (COG)	1000	20	1500	50	1600	70
	($ g-1)	1250	70	1875	20	2000	10
	Product yield (%)	30	40	30	30	30	10
		50	30	50	50	50	20
		70	30	70	20	70	70
	Delay in material delivery (Months)	0	20	0	50	0	70
		3	30	3	30	3	20
		6	50	6	20	6	10

Table 3

 3 General information about drugs in the portfolio.

	Monoclonal antibody	Phase I to II	Phase II to III	Phase III to	Review to
	type	(%)	(%)	review (%)	approval (%)
	Murine MAbs	77	52	45	33
	Chimeric MAbs	86	4	80	100
	Humanised MAbs	84	725	75	100

Table 4

 4 General information about drugs in the portfolio.

	Drug	Probability of failure due to	Market value
	candidate	technical reasons at Phase III (%)	($M)
	A	20	523
	B	0	427
	C	10	410
	D	30	1029
	E	5	31
	F	15	49

Table 5

 5 Resources levels and drugs in the portfolio

	Resource level ($M) Number of drugs per portfolio Number of possible portfolios
	Unconstrained	6	1
	500	3	20
	700	4	15