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Anti body drug discovery: From I dea to Bi otherapeuti c Molecule
by

Katherine A.D. Davis
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Master of Science in Mechanical Engineering and Masters of Business Administration

Abstract:
Graybel (a fictitious name used for privacy reasons) is a large developer of pharmaceuticals. GrA'bel'j

Antibody Protein Engineering Group (APEG) is responsible for early stage drug development of

biotherapeutic molecules. Part of this responsibility is delivering high quality molecules while meeting

tight deadlines. Across the industry there is constant pressure to decrease timelines, while at the same

time the complexity of molecules is increasing. In order to meet this challenge, APEG must be highly

adaptable. Unfortunately, unanticipated biology, long project lead times, unpredictable workflows and

inadequate workflow tracking systems make it difficult to precisely determine what causes delays. This

uncertainty, combined with the inability to quickly pilot changes to process or methodology, makes each

potential change both risky and costly. The goal of this project was to provide APEG with two things: the

knowledge needed to build a robust workflow tracking system and simulations that would assist in

finding root causes of issues and allow for low-cost piloting of potential solutions. Combined, a workflow

tracking database and decision tool would greatly reduce the risk associated with implementing

changes, allowing APEG to adapt to meet increasingly difficult industry standards.

Multiple avenues were used to collect the data needed on APEGT[]workflow. The primrYy[Duirceof data

is interviews, with both management and experienced bench workers. These interviews provided data

on workflow paths and estimates for workflow stage durations that could not be found elsewhere. In

addition, they provided a way for APEG members to be involved in the project. Additional data was

gathered from rudimentary systems that are used to track workflow within some functional groups. This

data was then used to create detailed process maps, and simulations. Once validated, simulation results

were analyzed and experimented with to determine current bottlenecks, potential future issues and

possible fixes for these problems. In addition, a new metric was introduced for quantitatively evaluating

the difficulty of a project called the Technology Readiness Level (TRL). Essential project decisions were

identified, and recommendations made to track those issues. Bottlenecks were identified through queue

analysis. Potential changes to fix these and other issues were piloted to determine effect. Future states,

both with and without these changes, were simulated to determine potential problems. From this,

causes of current and potential future delay were identified and recommendations developed.

Recommendations included staffing changes, cross training, real-life piloting and developing a deeper

understanding of certain processes.
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Chapter 1: Introduction

Project Overview
The goal of this project is to provide pharnaorrpany Graybel'd(name disguised) Antibody Protein
Engineering Group (APEG) with tools to reduce their drug development tineli nes while maintaining
quality by inproving their proceses. Drug disovery isa omplex eperirnental process with inherent
rework and churning that cannot be avoided. APEG is responsible for antibody based drug disovery,
which has two development paths called In-Vvo and In-Vitro. In-Vivo development is conducted utilizing
the immune reactions of animals, and In-Vitro developnent is entirely laboratory based. [bth of these
methodsare utilized by APEG. APBGisdMded into 7 fuctional goups, which forthe purposesof this
thesiswill be called GroupsA B1, B2, C, D, Eand F. GroupsA-Ewill be etensively anayzed; Group Fwill
not, dueto its small sizeand theeAremelytechnical processesthat it is responsible for.

A nubTer of challengelwere encountered while analy~fngAPEG] procEDTl APEG'procieffiocomplex
and extrermely interconnected. At a high level, flow is generally linear, but this is very deceptive. A given
project will bad drack multiple timesthroughout its development cyde, transitioning between groups
and churning within those goups. This is partially due to the aforementioned inherent variability of
experimental drug li[overy and partially due to artifidal variability due to APEGOT] proce[Ijand
Graybel']overall organiFption. Combined, these introduce extreme variability into APEGsdevelopment
timelinesthat is difficult to predict. This is compounded byAPEG'ltfractured undeianding of ito
processes. Exectiveswithin APEG understand thing a a high level, but are rrissing details Bench
workers (the scientific equivalent of front-line workers) understand the detailsof their own process, but
may mi[flthe bigger picture, and do not underfand the detaillof other group'oproce[I{J Management
within APEG'groupoiiin between the two, but foctod within their own goup. As a result, there is no
one who understands the entire picture at both the high and detail levelsfor all goups There isa
general lack of workflow tracking data that maks obtaining this understanding nearly impossible Bench
workers are tom between competing rnetricsfor suoessfor APEG and other Graybel Groups involved in
the project, which makes it difficult to deterrmine where improvements should occur and healy
influences APEG's project load. In addition, there are emergent autornation opportunities which may be
benefidal to APEG']proce[iM but they require extensive capital investment and may not be fully
utilized byAPEG scientists, making it difficult to determine which are worthwhile. On top of all this,
APEG had undergone restructuring during the last year, which has resulted in the formration of new
goups and the fusing of old groups. Many of these new groups hae not Wt fully established their
processes and have no history, which makes analyzing them difficult.

Extensive proce% mapping was done in order to gain an understanding of APEGs process. Bench
workers, management and executives representing all groups within APEG were interviewed for 2-3
hours each to build these process maps. These interviews served multiple purposes: (i) anecdotal
information gathering; (ii) involvingAPEG rrembers with the process to obtain bWin; and (iii) obtaining
understandingof the process at multiple levels. Intervews concerned workflow paths, step durations,
identification of decision points and gatheri ng of docurrented historical data, which was only available
for Groups A and E The resulting data was then analyzed and used to estimate duration of process
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steps Process Maps were then created and contributors were re-interviewed to ensure acracy.
Typicallythis resulted in 2-3 revisions of the process map, with a final product that all goup members
ageed upon. Process maps were built at three levels; Leie 1, the executive le\eA, was rreant to
represent an overal1, generally linear interpretation of the process that an executive would have. Level
2, or management leve, mapped the general steps within each group, as management would see them
Level 3, the bench level, was the rrost complex and represented actual bench work done.

During interviews, it becarre dear that APE3 needed aformalized framework for evaluating and
communicating individual project complexity as project complexty heavily influenced project set
duraion and repetition likelihood. Interviews identified three characteristics that contr buted to
cornpexty (i) disease complexity (ii) solution corplexity; and (iii) solution platform conplexity. A
frameworkwas developed based on these three characteristics, called the Technology Readiness Level
(TRL) framework. The framework consisted of 3 axes, each one dedicated to the aforementioned
characteristics. Cbmplexity was indicated nurrrically from1-3, with 1 being easy and 3 being hard, for
each ax[ 'EW', VMedium' and 'Hard' were defined bythe arrount and quality of exiing prior work
applicableto the project. Thisthen igives umulative TPLvalues from3-9, with 8-9 being hard, 5-7 being
medium and 3-4 being easy. This gave a defined method for evaluating overall project difficulty aswel
as a built-in rrethod of breaking down that conplexity into informativecorrponents This could then be
used to evaluate APEG'capaity and im-prove internal and external cormunication.

Srmuations based upon the process map and TRL lewIs were then built. The process maps were used to
build workflow paths and deterrrine stepduration. The previously discussed TRL determined the
outcomes of decisions and duration of steps which were often dependent on project difficulty. The
simulation modeled rework and churning as part of these decisions; a potential outcome was often
"return to previou[jep." Thorough the simulation building additional interviews were conducted when
necesxry to obtain estimates of needed values. Some values had to be deterrmined ermprically through
sirrulation experimentation. Smuiations were then validated iterativey through comparison to
historical and anecdotal data and additional interviews Due to lirrited data for some goups, perfect
accuracy could not always be achieved.

Once the simulations were validated, analysis and experimentation were conducted to identify
bottlenecksand potential solutions This identified bottlenecks of varying severity in four groups, one of
which would greatly benefit from additional personnel or autornation. Further experimentation was
then conducted with TRLvariations, testinga total of 9 potential variations, The first three were the
slight variations on the current situation, designed to deternine sirrulation sensitivityto TRfLvariables
Then extreme TRs were tested, to ensure that the simulation reacted appropriately and give an idea of
the responsivity that should be expected for the last three TPLs The last three TRLs were designed to
test potential future TRLs. These TRLs revealed another bottleneck in Group E, which is currently being
hidden by Group E utilizing extreme effort to maintain production times. Potential future TRLs were also
tested with potential improvements, to ascertain potential future impact of those changes

Overall, the project delivered 3 recommendationsto APEG along with the sirnulations themselves First,
irmpantation of the TRLfrarrework, which is aflexible, qualitative and nuanced method for evaluating
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project difficulty with a number of potential applications. In addition, it can be used to comrnunicate

nuanced understandings of project difficulty in an easy to understand manner. Second,
recorrrnendations on what data should be tracked in order to best understand their processes Finally,

recorrrmendations on process changes that could potentially benefit their work and accorrpanying

information on where to watch for developing problems.

APEG Back ugr ud andk11 r ojec kbed

Graybei' ilone of the world'oleading pharnaceutical companiel] Within Graybel is the Antibody

Protein Encjneering Group (APEG), an P&D qoup located in the U.S. In order to understand Graybel and

APEG[motivationQ goa nd operatior]it ilimportant to underitand drug di[Dovery and

Biotherapeutics. Drug discovery is a corrplex, costly process. APEG is responsi ble for supporting early

drug-discovery; from idea to pre-clinical validation. Within the organization, theyare positioned as

shown in Figure 1.

I SI

A, an R&D group, APEG'Oproce:iflhiclyvariable and prone to changejand culoi[ption to rneet

project sped fic needs. The projects that they are responsible for are increasing in complexity and

difficulty. Consequently, in spite of their highly intelligent, experienced workforce, it is becoming

increasingly challenjng to maintain and improve project compOetion times. APE'goal i[to shorten

their cyde times without negatively irrpacting quality or greatly increasing cost. Paul, et al. suggests four

methods for shortening drug discovery R&D cyde time.

1, Use cydetirre (i.e. how long it would take to develop the drug) as part of the

dedsion to develop a drug
2. Identify the critical chain of project tasks and adapt as needed
3. 1 rrprove processes
4. Reduce wait times

(Paul, et al, 2010)

It is the goal of this project to assist all of these methods through the creation of process maps and

simulations. Process maps will be used to identify critical tasks and how they connect, and then used as

the basisof the simulations. The sirulations themselves will allow APEG to independently test the

potential impact of future changes Finally, the sirnulations will be used to identify bottlenecks and

recommend methods for fixing them

Narre obscured for confidentiality
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Ud Unif Back ground, cl

There are three stages of drug developrnent: (i) Drug Discovery; (ii) Pre-Ginical; and (iii) Clinical (See
Figure 2). This project concerns the first.

Kr

Phase I

Dev opr-Xt zhase 3

Submission

Total 13 5 $877,8

Drug discovery consists of three stages. Prior to the process start, a potential rrolecular target
assocated with the disease is identified, generally by academria or internal ly within the organization.
During this pre-step, , the target is evaluated in rnuItiple in-vAitro and in-vivo experimental laboratory
systerrs designed to confirm the assodation of the target with the disease (Kumar & Gopinath, 2013)
Step 1 of drug discovery is Target to H t, the first section in Figure 2. i ts are molecules that meet the
basic requirenents to potentially treat the disease, such as chemically reacting to the target in favorable
ways The second step is Lead Identification, the second section in Figure 2. This stage consists of taking

a wide array of potential treatment rroleculesor "Hit{' and putting them through repeated tests to

narrow down the nunter of potential molecules. For exarrple, finding the molecules that bind most

strongly to the target. Step 3 is Lead Optimization, the third section in the above figure. This involves

iteratively engineering the rrolecules to irrprove their properties, rmost often potency in mrodels of the
disease. At the end of these three stage a drug candidate is selected. This is the best rrolecules to
potentially treat the disease. This isalso done through iterative testincj some of which is done in animal

rmodels of the disease. After a candidate is selected, Preclinical trails can begin. (Kumar & Gopinath,
2013) There are rrultiple approaches to developing mrolecular entities, from small-molecule or rredidnal
chemistry to large rmlecules. . Certain methods are more suitable for certain target types than others.

(Hughes, Rees, Kalindjian, & Philpott, 2011)

Drug developnent as a whole is significantlyirmpacted by the daffc trade off of doing thinj] the 'right'
way or doing thingsasquiddyas possible. The drug development industry is hihily rrotivated to shorten
drug developrrent tirres, and n-uch enphasis is placed on being the first treatment to market.
Additionally, it is irpossible to deterrine if a potential drug will be a successful treatment until the

corrpetion of human trials. A molecule that successfully treats adisease in a laboratory settingand in
animal models can easily experience conplications when used in humnsthat make it non-viable.
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Success in the lab and animal models increases the probability that a potential drug will be successful in
humans, but does riot guarantee it. Consequently some companies evaluate success based on the
number of molecules that proceed from one step to the net, rather than level of success from tests
performed within that step. (Paul, et al., 2010) For example, say that a rolecule that reaches the end of
drug developrrent hasa 50/ochance of successfully working in hurrrs. Producing more rrdecules
results in a higher chance that a treatment will be successful in dinical trials With a 50%osuccess rate for
each individual molecule, 3 molecules would have an 88/ochance of produdng a viable drug As a result,
some incividuals within the industry view quantity as a rmore significant factor in eventual success in
human trials than tests in anirmil modelsand laboratory settings. It istherefore cormon to use time
and quantity of rrleculesas metricsof successes within the industry. It is important to note that quality
estimations provided by testing are still important; increasing the nurrberof moleculesto 3 while
decreasing the individual molecule success chance could negatively impact overall success rates. If
individual molecule success is reduced to 25%due to decreasing testing times negatively impacting
quality of tests, having three molecules would only return a 58%success rate. In order to achieve an
87%success rate, 7 rolecules would be needed. Thus developing methods to improve molecule
quantity and development timeswithout affecting the quality analyss provided through testing is
extremely important.

Anti body Drug Development
One approach isdeveloprrent of biotherapeutic molecules, which is APEG'[]pecialization. One of the
most common biotherapeutic rrolecules is irmuresystemproduced antibodies. Antibodies are
thought to be lesstodc than chermically synthesized small molecules, but due to their relatively large
size and the resulting inability to penetrate cells, they are typically used to modulate the activity of cell
surface and secreted disease associated targets. In other words, issues that can be treated from outside
a cell. (Hughes, Rees, Kalinjian, & Philpott, 2011) There are two primary methods currently in use for
antibody dscovery. The first, ln-Vivo, relies on targeted immune system reaction. An animal analog
typically a mouse, is injected with the target rolecule. Once the animal'[immune [Wem react[]
appropriately to the target, it is culled and its antibody repertoire extracted. Subsequently, the
repertoire of molecules tested and lead molecules selected. It is important to note that this process
produces non-human molecules, which mrust then be "hurranized" to yield a biotherapeutic drug for uFg
in humans (Nelson, 2000) The other method, lnVitro, does not inove any animals Instead, they
begin with a nai\e2, pre-built, humar-based libraryof tens of rmillions of antibody molecules These
molecules are run through a series of tests, each test reducing the number of potential molecules.
Eventually, these tests determine the lead molecules. (Stowell & Ddk, 2003) In-vivo and In-vitro
methodsare compared in Figure 3. Lead Optimization for these two methodsfollows essentially the
same process once the in-vvo molecules have been humanized.

2 Naive in this case means the hunns who donated antibodles to the Iibrary who have not been specifically
exposed to the target protein
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100% numan molecules Non- uman miolecuies

Tends to Jo r potency Tends to higher potency
otecy optimization needed Molecule I unile ioneeded

Ex: :A n nage Diay n NEx, Hybridoma

APEG and Graybel operatewithin acomplex, changing rrarket that requires carefully balancing
adaptability, cost and long lead tirnes. Graybel has rmany different potential rnethods of developing
drigs; Biotherapeutic antibodies are APEGOniche within the organi[ption. Antibodies, in general, have
two rrethods of developrrent- In Vivo and I n\tro, each with its own unique benefits and challenges
APEG is responsible for both of these, as well as optimization of its rrolecules.
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Chapter 2: Process Anal ysis Cha Ienges
When trying to irnprove its processes, APEG faces a variety of challenges 1Their process is highly

complex, with steps connecting through a corrplex web of decisions. This rmakes it difficult to separate

the inherent variability of drug discovery from the artifidal variability introduced by APEG']proce[BAO

There is currently rrinirma workflow tracking, and varying understanding of APEG'toproce[IIat

different levels of the organization. Balancing the competing objectives of quality, time and

custorrization is increasingly difficult. Accountability and ownership by goups with different

motivations leadsto inconsistent direction and mi'ed signals. Emergent automation has the potential to

be revolutionary, but is difficult to evaluate and irrplement. Recent managernent changes and

restructurings have resulted in some very new groups who are not yet fully accustomed to their roles.

Comr ex In Oeted r! c
APEG' rrolecule development is a complex, hig'ily interconnected process. A deceptivelysinpe np of
APEG'[]overall process can be found in Appendix A., where it is discussed in detail, and is reproduced

below in Figure 4.

Group BI Group D

G ro u p a.Gr A Group E Group 0

(E xtema ) __._Exena

Group 82 Group C -7 (xenf

The general process flow is as follows:

1. An external goup (G-oup a) initiali[o~a project
2. Group A becjns the project
3. Group 1 or B2 (or, in rare cases, both B groups) then take over
4. Any work done by Group 82 proceeds to Group C
5. Any work done by Group 81 and some ({jtirnated at 70%) of Group C vork

proceeds to Group D
6. All work done in Group D and the rerraning work at Group C proceed to Group

E
7. Work done within Group E is passed to an the external group responsible for the

next stageC] in the development proce[f] (Group )

However, the process is much rrore complex in practice. Each substep within a goup may fail, and sorre

of those failures will send the project back to a previous goup instead of sirmple internal backtracking.
For exarple, it is possible, though sorrewhat unlikely, for something to fail in Group E and send the

project all the way backto Group A. Moreover, a project could progess down the B1 path, fail, and then
be sent to B2. Additionally, while throughout this paper a project will be referred to as a singular entity,
in reality a project may be comprised of a nunber (between 1-10,000 depending on project stage) of
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incividual rmlecules, each of which nmy occupy a certain stage, and only some of which nyfail a given
step. In otherwords a project may have moleculeswith Groups C, D and E at the sametime, or virtually
any other combiination. In addition to this, Group A occupies a specific niche within the organization
which rmakes it particulady mssion critical. It may be called on at any tine to assist any other group3, in
addition to its own work Thus, delays in Group A can affect projects at any stage.

Additionally, APEG is responsible for a portfolio of projects and a percentage of projects are canceled
each year. This can occur for many different reasons, among which are: (i) upper rmanagernent stratecjc
decisions; (ii) the project being deemed non-viable due to new scientific knowledge; and (iii) project
success through a different disorvey platform in another group (such as sral I molecules). These
projects are replaced with new projects, so the total number of projects is fairly consistent.

Appendix A Sections 1-6 gves detailed (though still simp0ified) process maps for each group, as wlI asa
description of the group itself and how it interacts with the rest of the organization.

C-rl P rcess UnIstning
In addition to these intricacies, presently there is no uniforrm corrprehensie and robust tracking system
capturing the breadth of activates in place at APEG. A subset of groups have primitive databases to
capture project workflows tasks, and applied employee resources In contrast, other groups do not
directly capture and trackspecific tasks in their workflow; instead, tasks and time spent per taskcan
only be inferred from high-level employee logs. These logs capture the relative amount of time devoted
to any giwen project by person, and knowledge of which tasks a group or i ndiMdual preforms can then
be used to approxirmte amount of tinre spent on each project task for each person. This methodology
is, however, inconsistent at best, unreliable, and analysisistime consuming.

Fortunately, APEG is composed of intelligent, highly experienced sdentists. As a result, most groups
have very cpod tribal knowledge of their own processes, and the naority of manaiers have informally
analyoEgd their group'oproc[fjin [pnre way in the le 3 year There is a wealth of anecdotal
information available. Unfortunately, anecdotal evidence has a few well-docunented issues. Generally,
it is considered the least reliable type of information. (Riffenburgh, 1999) Some believe that it is nearly
useless, due to the effects of potential bias, assurned causal links, and other idiosyncrasies of the person
providing the anecdote. (Sicherer, 1999) To counteract the inherent unreliability of anecdotal evdence,
information for this thesis was gathered froma wide variety of people at all levels within each group.

In addition, Groups A and E track workflow internally within Emcel spreadsheetsor databass
Unsurprisingly, these groups also had the rost rigorous process understanding and the rrost tire-
sensitive tasks Detailson data available by group can be found in AppendixA

Dificu t termin ing Mq tri cs f orSces
In addition to data-based challenges, APEGO culture also presents conplications. APEG personnel are
highly intelligent, independent scientists who through their earlyacaderric scientific training are taught
to find individual solutionsto problerrs Asa result, they prefer and m-ore easily implement changesto

3What it is reponsible for when this occurs is consistent, but essential and cannot be done by another goup
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processor rrethodology that are developed based on concrete data, experirmentation or developed
themselves. Long project lead times, expensive projects and project atrition make piloting and
experimenting with process changes extrerrely difficult. The tack of process data has already been
disicussed. This situation makes it difficult for personnel to support changes without empirically
grounded, scientific data that endorses said proposed changes- which often cannot be obtained.

As previously discussed, Graybel follows industry standard and evaluates success based on the rrolecule
quantity rather than test-based success levels. This method is reasonable for larg mi lestones such as hit
or candidate selection, but is much more difficult to apply to less significant steps. Consequently, there
is some debate concerning the best rnethod for evaluating these steps; quantity is certainly part of it, as
there must be enough moleculesfor the selection milestones, but some additional evaluation metrics,
mostly test dependent, have been proposed. The lack of workflow data that makes it difficult to
evaluate proposed process charges also rmakes it difficult to determine which of these metrics is
significant.

AccountabiHty, Own ership and Cm p eting bjectives
Another aspect of APEG and Graybel'Oculture that impacts potential process iriprovements is the
overall attitude towards accountability and ownership Any project within APEG has a project lead who
is responsible for the project within APEG and coordinates with the project owner, Group a,
repreFented bya Group a project leader. Group a may not be collocated withAPEG, and may not be
knowledgeable regarding the intricacies of APECOwork. The Group a Project leader, the APEG project
leader, and both Group a and APEG mnagerent are responsible for all decisions made concerning their
project. In ternlof re[pon(Jbility Group a iorougly analogousto a district manager, the project lead to
a store ranager and the various APEG subgroups departments within the store. This dynamic affects
project process decisions in two significant ways: the irmplications of successful/unsuccessful projects
and balancing the use of standard operating procedures (SOPs) and innovation. Traditionally, S)Ps are
used to define a set series of steps that take an expected input and produce an expected outcome.
Within APEG, SOPstypically exist at the bench level. For exrnpe, a spedfic test type may have a rnulti-
step SOP that is used to determine if the rrolecules tested are toxicto mice. An SOP at this level
generally has an expected duration. SOPs may also exist at higher levels; an exaroe of this is a series of
tests and other steps that must be performed to ensure that a potential drug is potent enough. These
higher-level SOPs within APEG are generally not codified, and are only seni-standard. These SOPs
typically do not have an expected duration-there is simply too rmch variation in delivery tirmes.

In drug developrrent, project attrition is cormmon. As a result, risk mitigation is considered very
important to improve the chance of success, and a successful project that actually makes it to market
(successfully passing all dinical trials and the FEA) is highly valued by Graybel, Group a and the project
leaders. Hence, project leadergand Group a [rive to have a high rate of success and be fast to market.
In addition, Group a [riveoto have as innovative a treatment as possible-developing a

4 Group a refer[]to the extemal group who owrga given project. Group a for project 1rray be different from
project 2 jGroup a, etc
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transforrmtional treatment for a disease will both benefit the paierts Graybel and likely benefit the
career of the project

In compari[pn, APEGOsubroups desire to provide rroleculesthat are of the highest possible quality,
with redudng delivery5 timesa dose second priority. The subgroups are rrotivated to have a high
portion of all projects succeed, but are not vested in the success of specific projects in order to reduce
production times, APEG prefers to use bench-level SOPs-which also, as previously mentioned,
rritigates potential problems and ensures a semi-standard quality level. Which SOP is used is afunction
of the target, project requirements and what stage within APEG the project is at. However, as each
project'g]al i~to develop roleculefor a unique target, [prre target-dependent custonization is
always required. AJso, the innovative rrolecules delred by Group a often cannot be generated with
SOPs and require etensively spedalized molecules and tests This is typically due to unusual or unique
molecules or extreme project requirements Some of these innovative molecules are comrmn enough
to have their own somewhat less developed SOPs, but many of them require fully custorrized
methodologies This high level of process customization has led to a general perception that APEG does
not have SOPs in the traditional sense, because every molecule is different.

The onging conflict created by these competing piorities-quality, custorrization and speed, results in
mixed nssagesfrom bench workers when the conoept of process improvements is raised. Frequent
responses were "we could improve the [peed, but then we won't be able to ctfomioE' or "if we reduce
custonization, quality will be negatively impacted" or even, occasionally, "improving qual ity will etend
delivery tirres". The consensus seems to be improving in one respect will be detrimental to another and
upset the careful balance that APEG currently maintains. The inpact of altering the current situation
maintained with these tradeoffs is unknown, and generally theorized by bench workers to be
detrimental. This is a trade-off between quality, time and customzation is a specialized form of the
project rranagement trianje, which ill ustrates the relationships between scope, schedule and cost.
Typicai y, on y two of these three objectives can be achieved at one time (Mc~hee & McAliney, 2007).
APEG preferoto focufion quality and [peed, while Group a focuses on speed and custorization.

Emn- ,e rgeni-It A u t omia t io n
Emergent technology has the potential to have a huge irmpact on APEGprocess. In fact, a recent
process change that introduced autormtion, an improved process and a new subgroup has reduced the
production of test articles by 2-4 weeks. As this is done a minimum of 4 times per project, it has had a
very significant impact. This change had three reasonsthat it was successfully irmplemented:

I Group E, who was responsible for this process before it was autornated, was unaffected by
the respective change during the development and irmplementation phase. If something
went wrong, they could resurre ownership with little effort. The process is currently owned
by the new Subgroup G

sDivery times may refer to the ti me it takes to deiver fromone internal APEGgroup to the next or the total time
it takejto deliver a project to Group 0. The two rreaning]are [pmewhat i nterchangeable; change in the former
guarantees change of the latter.
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2. The change has very dear ti me benefits, and impacted early stages where any minor
reduction in the quality of the test artide produced is less critical.

3. The process is not sorrethingthat is significantly impacted bycustomization. Customization,
if needed, is done before the procss starts. The process itself is consistent for each
rolecule.

This is not true of all potential process automations Automation is expensive, and implermentation can
be risky. It is not uncommon for an automation machine to be bought and then not fully utilized, due to
unforeseen issues rald ng it urfeasible to fully implenent These issues indude but are not limited to:

- Complex set ups or changeovers that take mo re tirre than is saved with the autorration
- New changeover bottleneds, where only one or two people are certified to irrplement

customized process on the m-achine
- Machine down tir, particularly for rachines that do not have a backup
- Inability of post-autortion steps to handle the increased vwrkflow
- Personal preference

Compounding this issue isAPEGlackof an interral process development team devoted to
implementing automation across the department. If automation (or any other proess change) is being
considered, it becomes the responsibility of an individual scientist, or siall tea, to investigate the
possibility while maintaining their project load. Conseuently, the level of inestigstion and experience
of those evaluating automation is very variable; it is entirely possible that this has resulted in potentially
successful changes being rejected. As a result, one of the biggest challenges facingAPEG is whether or
not to autornate, and how to deterrrine which proom steps would benefit most fromautomation

Management Ch an ges & Staff Re:,structuring
In addition to all of the above, APEG has recently undercpne some organizational changes. The goal of these
changelwato better align to core functionalitie[j but goupoare currently experience typical "tranfltional"
challenges. Group B2 and Group C used to be one gioup; they were split in the last year. Group B2']
rranager was also hired within this tirrEfrane. Another subgroup, Group F, who prirnJily provides technical
support for the other groups, used to be two groups and was fused within the sare timefrane. As a result,
both of these groups currently have processes that are in flux Group B2 is sormewhat stable, and will be
analyzed in this report. Group F, on the other hand, will not. This is partially due to the recent changes
rrade, and also due to the nature of Group F'jwerk and the [Tall 0[ of the group. These changes are
summarized in Figure 5, where each box representsa functional group within APEG, and the labels indicate
the proces and group memters' who are members of that functional group.

6 Processesand those who preformthemare inherently linked due to the expert knowledge needed to perform
such tasks
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These challenges rmake it particularly difficult for APEG to irnplernent process changes. It is very difficult to
change cornplex processes without thorough workflow tracking data Adding in the other complexities-
corpeting objectives, management and staff changes, and the potential of autornation to revolutionize
everything- makes a difficult task seem nearly impossible. There are, however, ways to sirrplify and
cornpartrmentalize this process into something far less daunting.
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Chapter 3: Solution Approach Methodology
The first stepto analyzing a process is, of course, understanding the process. There is no better way to
do this than through process mapping Process rnapping breaks a process down into discrete steps that
can be understood as a seriesof interconnected units, rather than as atanged web. Once the process is
understood, one can becjn to Iookfor waysto improe the process. In processes with afast turnaround
tirre and low cost, this is typcally done through piloting; Drug discory, unfortunately, fits neither of
these criteria Instead, sirrulation was utilized. This provides a re-useable tool that can be used to
evaluate the overall procss and implement potential changes with little to no cost.

Prces --Mapping
One of APBG'[weaknesses is the fragmented understanding particularly at the bench level, of exactly
what their end-to-end process entails, and the very spedfic responsibilities, workflows and tasks for
each subgroup. A given bench worker is extrerrely knowledgeable about their own process and fairly
knowledgeable about their group rembers', but may not have the sarre understanding of other goups'
proces. As one progrewes higier up the management chain, there is a progressively greater
understanding of the overall process and at the same time a loss of detailed understanding of the
compOexties of each task irolved. Lack of quantifiable data at the task level for each subgroup hinders
the ability to address issues related to process iprovemets No one person has complete, detai led
knowledge for all processes in the department process, and there is no workflow management database
to reference to fadlitate the gatheringof the relevant knowledge. Process mapping is an excellent tool
with a long history of use in this sort of situation, as it is useful analytically and for cormmunicating the
current understanding of a processto group rrefmbers. This is particularly sigificant as, historically,
processes are the least understood and managed part of an organization. Additionally, the process of
creating the map, independent of outcon, is extremely educational. In order to accurately rmapa
process one must dearly understand the resource requiremnts linkages and relationships of all
process steps (Hunt, pp. 2-5).

Process mapping is primarily utilized for documenting understanding and teaching processes, but it is
also useful for change irrplernentation, as it provides a holistic view of the interconnected process steps.
In essence, a process map creates a shared understanding that can then be used to alter an exsting
processto better suit theorganization and its needs. This is true both within the organization and
externally with the organi[ tion'fldiento Often, potential proce[] irmprovementobecome ot\Aoufj]aa
map is developed. (Isari, Chang & Seddon, 2003) In general, there are four steps necessary to create a
process map, shown in Figure 6. These four steps assune that the scope of the map has already been
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deterrrined.

N

(Graham, p. 150)

Graham recormwends that process npping begin with obtaining buy-in from nanagement, which will
geatly facilitate data-gthering Once buy-in is obtained, the next step isto gather data. Ideally, this will
first be done through observing indiAduals at work When this is not possible, he recorrmends using
recent data. Typically, this is not possible due to long process tirres or physical distance between
process steps The next step in data-gthering is to interview experienced workers, as they will have the
best understanding of the process. This is esentially the Assetle a Team step in Figure 6. When doing
this, it is important to focus on what is occurring at each step, not how it is bei ng done. The attitude of
the intervkewer is extremely important; in this situation, it is easy for the interviewee to beceme
defensive. It is important that the interviewer be genuine, gTod natured and focused on fact-finding
(Graaim, pp. 23-29). Once the data is gathered, it is tirre to Jevelop the Map. ie arm any different
methods for doing this; all of them are acceptabUe. It is inportant that the iap be both understandable
and readable to the average layperson. Once the map is built, group meters should Review the Map
for accuracy and potential improve-nnts. After the rnp is understood, the team should Dscuss Steps to
determine if more detail is needed or there are potential inproverrents (Graharm p. 183).

1adison recorre nds a similar approach. He also purports that obtaining buy in early is extremely
important, and recomnends involving people who work within the process both for obtaining buy-in
and data gathering. He recogizs three levels of process mappingmacro, functional-activity and task-
procedure. Macro charts are the highest level, and generally fairly easy to rrap. Functional-Activity
charts are mid-level, and composed of general functions and activities as the name suggests. The most
detailed level is tak -procedure, and focuses on the minutia of a single step. Typicafly, these are used for
training rather than analysis (Madison, 2005).

One conmon pitfal I of rmpping a process isover-spedfic ation of modeling it is not necessary to fully
nxxel every step. While extensive knowledge of the process is recorrmnided to build the mp, the map
itslrf must be carefully designed to ensure the optim A level of abstraction n.cessary to the process.
(Kesari, Chang & Seddon, 2003)

Due to the current situation within APEG, mopping their current process provides an additional benefit.
As previously stated, APEG per[pnnel generally believe that they don't have SOPD In the words of
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Steen Spear "[ProceffMapfand oQilartool[] are about execution of [Nandard work... [they] gve you a
chance to innovate in a controlled rranner, D you won't introduce additional riJ( into the product."
Building process mapsfor APEG requires abstraction to the point that the customization done within
APEG is mostly hidden behind 'black boxes. In other words, the project based custonization is at the
Task-Procedure lael, but generally does not impact the Functional-Activity or Macro levels. The
contentson the 'black bo( in thi caFJ are unknown because of inherent variation at the bench-evel in
the processcausing changes and adaptations in a wide variety of cases. For any gen project, the
contentoof the 'black boxfJ are known. It ijwhen trying to account for all projectl each with their own
unique 'black box' content, that it becomejnece[Wryto obf:ure the exact detaiiUfor darity'f[jfke. In
other word atJep may be [rmpyto "run teM3" The specific tests run and the order that they are run
in changes for every project and often cannot be predicted in advance. However, at this point in the
process, some tests rmst be run. The bench work for this step is non-standard, but by taking a step back
to the Functional-Activity level it is possible to find a standard step in a standard process. As a result,
developing APEG process maps codifies AP3'f high-level SOPs

Model ing
One of the largest issuesfacing APEG is the corrbintion of correxand diverse processes that they are
responsible for executing " The rrore different di[fiplinejand [ecialtietthat are ivolved, the harder it
becorres to deterrirne a priori exactly who [bould do what, when..It i al[b difficult, if not downright
impo[jjble, to predict the WeJem'behavior under the range of drcunstances in which it nuist
perform" (5pear, p. 105) This isone reason that piloting of changes is so comrrmon; another is to obtain
buy-infrom those who doubt that the potential improvement will be truly benefiial. (Hunt, p. 31)
However, APEG has a high entry cost for piloting. If a pilot provesdetrirrental, it could have a huge

negative impact on the projects it affects. As a result, APEG upper management must be certain that this
will not happen before approvinga pilot.

A viable alternative to piloting is sirrulation. Srmulation data can be used to test and validate process
changes at low cost. Additionally, the resulting data can be compared to current process data to
determine the expected imnpact of the change; a proposed alteration may be rejected if it is successfuI
but not successful enough to justify the cost. The resulting data can be both useful in determining the
correct course of action and is potentially persuasive for those in doubt. (Detty & Yinjing; 2000) Using
sirulations to aid in decision mnking reduces risk and assists strategic, tactical and operational
management strategies. (Kellner, Madachy, & Raffo, 1999) The resulting quantitative data can also be
used to develop metrics and assodated goals to monitor irrplerrentation success. (Abdulmalek &
Rajgepal, 2007) Additionally, simulation allows for the testing of a wide variety of hypotheses in a short
period of time this makes it much rrore likely that the optimal solution will be found. Srnulation is so
powerful precisely because of this flexibility. A wide varietyof scenarios can be tested and analyzed in
way that fadlitates corrparison between disparate strateoes and the risk associated with
implementation. (Alsudairi, 2015)

Kellner, Madachy and Raffo determined six prirary reasonsto utilize process simulation: strategc
managerment, planning, control/ operational rrnanagernent, process improverment/technology adoption,
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understanding and training and learning (Kellner, Madachy, & Raffo, 1999). While all of these reasons
are sigificant for APEG, the most important are processes improvement/ technology adoption and
understanding at this point in tirre. Oce better workflow tracking is irrplemented, strategic
rragerrent, planning aid control/operational management will become more significant. Due to
APEGs highly individualistic methods, it is unlikely that training and learning Would be enphasized.

Smrulation is generally used to address three types of complexity (see Figure 7) which rmake use of
analytical models difficult or impossible. APEG in particular possess conplexity types 1 and 3 in
abundance.

-Such as initializing a new rranufacturing line

-Any situation where astep both influences and is affected by
m-Uti pie other steps

(KEi Iner, Madachy, & Pdfo, 1999)

There are, of course, downsides to process modeling The rrst cmmon isover analysis. It is not
uncortmn to build a rrodel with data that issorrewhat unreliable; in-depth analysis of the results is

then soDrmwhat useless:-. (Kiesari, Chang, & Seddon, 2003) It is similar to the concept of significant figures,

where one cannot assume geateraccuracy in the resul ts of calculation than was achieved when the
contribu-ting mreasurerrentsvwere taken. As rmost data gathiered for APEG is anecdotal, this is somiething
that can potentially have a huge imipact upon the reliability of the results.

When building a simulation, the first and most im-portant step is to carefully determine the purpose of

the model, what questions it should answer and what questions it is actually capable of answering7. It is

par'ticulardy imyportant to identify irrportant processes and how th-ey relate to each other. Key tasks,

sig Ofcant units, resources, workflows, iteration loops/ backtracki ncffeedback and other

interdependencies rmust be identified and accounted for. (Kellner, Madchty, & Raffo, 1999) A complete

explanation of simlation development can be found in Figure 8.

7 This rrW be affected by model type, rrodeling software, data reliability and availability and a host of other
potential corrplications
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(Hupic & Robinson, 1998)

Once a[]mulation io'corpete' it mUc validated a[]much as possible. Thiscan be done through model
inspection and reviews, but data comparison is preferred where available The rrodel should also be
calibrated to ratd real world expectations as much as possible. This calibration process often suggests
metrics that would provide valuable real world data in addition to improving the model itsef. When the
data to do this does not exist, there are a few potential stratejes:

- Approximate conversion where data exists that is not quite the needed data
- Piece together data from other sources to create an entire picture
- Obtain estimates from personnel i nvolved based on experience or expectations
- Use industry data from literature to approximate current situation

(KelIner, Madachy, & Raffo, 1999)

One of the major roadblocks for process improvement within an organization is often the lackof accessible
tools for pre-irnplementation evaluation of proposed solutions. 9mulation is one such tool. It is useful for
both understanding the problem and trialing competing potential remedies. Its inherent flexibility rmakes it
ideal foranalysisof AP3G[ processes. (HlupIc& Robinson, 1998)

Process mapping and simulation are powerful tools wen used in the right situations. APEGEIcomplex
expensive process is nearly ideal. Both of these methods are low cost and can be implemented fairly reliably
even if there is no empirical process data. Both methods can reveal problerm hidden by the compexity of
their process, and both are re-useable with ri nor changes as the process is altered.
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OTapter 4: Complexity Framework Development
Once one beginearriningAPEGlproca]]it becomeoclear that they [trugewith a vaiety of
compledties, many of which have never been codified. In order to evaluate and understand these
complextiefand their effectlon APEGoprocehOX aframework wazdeveloped. Thilframework'o
primary uses are to aid in cormunication, facilitateOrnulation development and improve APEG'l
understandingof their own capacity.

T 'ypes of Complexity at APEG
Through discussions with APEG personnel, it becarne dear quickly that there was no standard method
for evtaluating project difficulty. In general, a project wasdescribed as easy, rrediumor hard difficulty,
but each goup defined 'difficulty' differently. Exterive di[ utjon with bench workerj rmnagement
and esecutives revealed that an individual project had 3 spedfic inherent characteristics -disease
compledty, solution corrpleity and solution platformcorrpledty-that affected its difficulty level and
thus irmpacted step duration and decisions Each project possessed these characteristics, and each
characteristic could be ranked from easy to hard in difficulty. It is important to note that these
characteristics mayonly be fully understood after project corrpletion; however, they affect the entire
process path, and can beestimatedfairly reliablyeariyon.

The differenced in defining 'difficulty' between goupowerea direct rCJalt of group]having differing
dependendes upon these characteristics For exate, Group A asa result of its position as earliest
step in the APEG process, is heavily dependent upon characteristicsof the targeted disease. At this
stage, lack of knowledge of the target can have huge impact on process times; for a difficult target,
extensive research and experimentation nust be conducted before the project has progfessed enough
to pass to Group B1 or Group B2 Group E, on the other hand, is armst entirely independent of disease
difficulty. As the last step in the process, by the time a project reachesthem the disease is well
understood, and resulting difficulties have been overcome. They are, however, highly impacted by
solution and solution platform difficulty. The other Groups fall between these extremes; Groups Bl and
B2 are dependent on all three, with disease being more prorrinent early on, and solution platform
difficulty doninating latter steps. Groups Cand D are both minimally dependent upon disease difficulty.
Group C is equally dependent on solution and solution platform difficulty, while Group D is slightly more
dependent on solution difficulty. Group E, as discussed, is virtually independent of disease difficulty.

Purpose of Framework
Within APBG it[ if, thexl nuancejof 'difficulty' were under[tood intuitively between groupobut not
overtly recognized. Asa result, no major rrisunderstanding had resulted from rniscomrrunication.
However, each project is overseen byan external group, Group a. Group a doejnot have thiointuitive
understanding and it is often difficult to cormmunicate the difficulties of a project to them Additionally,
APEG sometimes has difficulties evaluating its project load. In general, APEG has a number of projects,
for exarpe 30, and can e-imate each project'general 'difficulty' to determine a qualitative project
load. However, a previoutly di[Du[Ted 'difficulty' can have a plethora of rreaning]within APEG, and
cormnicating these nuances is difficult. it becarre lear that APEG would greatly benefit froma
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defined difficulty framework dedicated to dearly communicating the difficulty of different
characteristics and providing away to asses overall difficultyquatitatively.

There are three potential applications for such a framework

1. Facilitating both intemal and external cormmunication. Corm-unicatingthe difficulties inherent
in acomplex technical process to outsiders can be extremely difficult. Having a defined method
for evaluating and comn-municati ng these difficulties will allow more precise communication
between APEG[intemal groupand the external Group a.

2. Intemal Evaluation of APEGjoproject load. Given itficurrent [tuation, APEG hafa very good idea
of its overall project load and capabilities. However, an easily updated, quantifiable rretric for
evaluating project load would allow APEG to set capadty metrics, either overall or by difficulty
type.

3. APEGdelikery timelineqare heaily dependent on project difficulty, for two rea[Drf Fir[J, a
more difficult project may have biolojcal corrplexitythat results in cell replication, protein
generation or testing taidng longer than for a similar project. Second, a rrore difficult project is
rrore likely to fail testsand cyde throug the process rmultiple times before a satisfactory
solution is reached. Havinga nuanced understanding of project difficulties and their effects on
the projects path throu APEG isessential to accurately predicting project timelines. As a
result, this framework is a necessary prerequisite to sim'ulation.

Framework Development
To address this compledty, the Technology Peadiness Levels (OTPLs) APEG frarrework was developed.
The framework is three dimensional, possessing three characteristics-based a>es. These axes are the
aforementioned characteristics of disease, solution and solution platformr These complexity
characteristics are quantified by numerical Technology Readiness Levels (TRLs) of Easy (1), Medium(2)
and Hard (3). Increasing difficulty correspondsto increasing vrAue to allow for the adoption of higer
numbers as new technolocjes or diseases become accessible. See Figure 9 for more information.
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.Peflects corrplexity of
disease to analyze,
understand and work with
in expiramental and
laboratoryconditions

" 1-Usease Well Understood
-Dsease has extensive
reaserch and existing
treatments

-2-Dsease Sorrewhat
Understood
-Dsease has extensive
reaserch

-3-Dsease Innovative
-Disease has rri nim d
research

-Reflects corrplexity of final
solution; diseases may be
sirple to understand but
very difficult to treat

-1-Solution Typical
-A teAbook solution, with
little to no innovation
required

-2-Solution Atypical
-Solution deviates from the
norni but in ways that
have precedent

*3- Solution Innovative
'Solution requires R&D

" Peflects corplexity of
solution molecules; has a
particularly large effect
Iatter on

" 1-Standard Platform
'Platformthat has
optimized developrrent
methods

-2-Con~mn Platform
-Platform that has non-
optimized developrrent
methods

*3-Innovative Platform
-Platformis undergoing
R&D

These three axes can be sunTned to obtain the overall project difficulty, avalue from 3-9. A hard project
would have an overal value of 8-9, or at least two hard axes. Similarly, an easy project would have a
value from 3-4, or at least two easy axes values. A medium difficulty project indudes the reraining
value of 5-7. This allows for both general, overall comparison of projects and more nuanced, axes based
evaluation.

The framework is desig-ed to allow APEG to initially evaluate their projects based off of minimal
information, so that the potential impact of a project on APEG' portfolio can be elimated before work
becjns. A( the project rmovethrout APE' proce[land more beconet] known about it, vduejcan
then be adj usted to more accurately reflect the projects actual difficulties. The framework is also
designed so that APEG can evauate a portfolio in a similar manner. The portfolio can easily be evaluated
by surrning the TPLs of its projects; a portfolio with a total TRL of 100 would be very different from a
portfolio of 150. Sinlarly, a portfolio with acyegate Disease:Sol ution:Platfomi values of 50:2020 would
have very different impiications than a portfolio with veluesof 20:50:20. In the former, there would be
massive delays early on in the projects, as [isease heavily effects early projects; In particular, Group A
would be extremely impacted. In the later, [re delayC would re bit in the riddle of APEG'fproceJJ
but they would be Milder as the projects would be spread over several groups.
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The TPLframewArk provides APEG with a quantities method for corrmnicating, evaluating and
assessing project difficulty. It assess the three axes of Disease, Solution and Solution Platform
cxrpedty. From these aes, a nuanced understanding of both individual projects and the overall APEG
portfolio can be achieved. This has a multitude of potential uses, inducing inproving conunications
externally and improving intemal capacity planning
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Chapter 5: Solution Development and Results
There were two stages to understanding APEG'Oproes-exploration and vuation. Exploration
consisted of various methods of data gathering basic analysis and process rmapping. Evaluation resulted
in athorouc4 understanding of APEGT1procmIB motivationfj groupland culture. Evaluation included in-
depth data analysis and rnmdel development, rAidation and assumptions Evaluation resulted in working
sirrulations and recormendations for APEG to i mprove its proces.

Process Expor ic n
ata on APEGfcurrent procsses was gathered in three ways: (i) Interviews; (ii) data rining; and (iii)

processflow rmapping.

Due to APEG'[]lac of a workflow tracking data systen, interviews were the prinry source of
information obtained. Interviews were chosen over surwys because of the inherent depth of
information available from interviews. (Harrell & Bradley, p. 11) Three levelsof rnaxement were
interviewed; APEGfl[gnior director, the manager of each subyoup and 3-5 mermbers of each subgroup.
Each person was interviewed at least twice; nxist were intervewed three or fourtimes. At the bench
level each interview typically lasted 1-1.5 hours Management irterviews were typically around 15
hours each. Sore interviews took as long as 3 hours. A large nunter of interviews collected from a large
numter of people is the best wayto ensure dataaccuracy acrossa oup. (Harrell & Bradley, p. 10)

There are, generally seAking, four potential interview pitfalls: traditional technique based mistakes, the
so-called feminist mistake which relates to inherent power inbalances, narrative mistakes which rely on
te intervieNeeto determne the sgnificance of various bitsof knowledge and accorrpanying biases,
and dinical rristakes, where people are reduced to simple numbers and extenuating drcurstances are
not considered. (Fbllway & jefferson, pp. 30-31) Awarenessof these potential issues is crudal to
determining the best interview approach and interpretation of results.

For AP83'Wtuation, the ur(3ructured, [mi-structtred and structured interviews were all used.
Unstructured interviews have little control over what is discussed, and typically become narrative. Thus,
they are highly susceptible to bias and becorri ng sidetracked. However, they also provide a deep
understanding of the situation and build trust between the interviewer and the interviewee. (Harrell &
Bradley, p. 26) This trust is very irrportant to obtaining buy-in within a community. Unstructured
interviews with afew open ended questions were utilized for the first interview with each individual.
This allowed them to put forward what they believed to be rmost important about their work, their own
underqandingof that work'lproce[fland built rapport between the interviewer and interviewee. FirB
round interviews within a given APEG group were conducted in dose succession, and resulted in an
initial draft verjon of a mapof that group'oproceEl
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Seri-structured interviews were used for wrost subsequent interviews. In a sermi-structured inteNvew,

specific questions are asked but the order is flexible and there is room for adaptation to the

conversation. The prinay advantage of a semi-structured interview is that it allows for a deep dive into

areas of interest, while still allowing for the investigation of unknown areas. Typically, seri-structured

interviews allow for the deepest understanding (Harrell & Bradley, p. 27) These interviews were

conducted using the in-development process map as a guide, and resulted in many changes to said map.

At the condusion of these interviews for each group, a finalized process map was developed. Serri-

structured interviews were also used for sirrulation evaluation at the corrpletion of each simulation.

Structured interviews consist of fixed questions asked in a fixed order, and were used for post-process

map interviews. These interviews were generally in search of quantitative data such as timelines or step

capacity. Structured interviews excel at generating data that can be generalized, particularly when

conducted over a large group. (Harrell & Bradley, p. 28)

GnA,
During the interview process, interviewees were all asked about workldow recordkeeping focused upon

tirne and effort per project within their group. Most goups did not keep formral records for spedfically

tracking time required for tasks. Some individuals kept inforrmal records, but these often only tracked

the pad few month[J worth of work and were inadequate to capture a process that may extend beyond

the interval when effort was tracked. However, two groups - Group A and Group E- both had extensive

workflow tracking

Information on data gathered fromeach group can be found in AppendixA

Process mapping was done at three levels, rouchly corre[ponding to Madi3 n 'Olevel[]of Macro,

Functional-Activity and Task-Procedure, in order to better understand the process and its significant

steps. The three levels were named Executive, Manageonit and Bench as indicators of who is most

knowledgeable concerning each leve. E)planation of these three levels can be found in Figure 9.

- 'Executive' Level
- Hich-Level overviewv of how th ng[]'[h~ould' proceed
-Uti e inudixnA Section 0

'Managmt' Leve
M Mid- LEveA, m-ore comyplex overview

-See Appendix A Sections 1-6

-'Bench' Level
-Detailed level with sernyi-onsistent steps
-Utilized in bUildingof sirnulation details
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These maps were all developed sequentially from 1-3. This allowed for issues concerning APEG'[] upper
nanagerrent to be explored throughout all lower level and obtained management buy-in early. Each
level of process maps had advantages and disadvantages.

The Level 1 process map provides an overcal frarework for understanding the process as a whole. It is
meant to pre{gnt the view a Graybel Executive would have of APEG proce[D AD]APEG inorgani[d
into functional groups, steps within this process are identified by their goup owner. Developing this
map waoan excellent opportunity to deternine upper managerrent'oconcem[ planned change(]and
rmetrics used for evaluating lower levels of the organization. Mapping processes at Level 2 (i.e.,
Management) revealed many conpexities that were hidden at the executive level, while rnintaining a
level of abstraction that resulted in fairly consistent process steps. This level was intended to reflect the
view of the process held by each of APEG']group'1top management. It revealed new concerns and
planned changes, and gave a very gpod feel for general managerxent dymnic for each group. Level 3
process mapping revealed complexities glossed over at level 2, many of which were then incorporated
into the simulation. This level was meant to reflect the process done by bench sientists which are
equivalent to front line workers in other industries. Additionally, it gpve a very good feel of the
individual culture of each subgroup, which varied widely.

As an exarrple, Figure 11 shows the process map for Group B, which is also given in Appendix A 2. The
key for process map labeling can be found at the start of Appendix A.

Group BI may have projects initiated by two different sources, Group A an externa group or both. The
vast majority of the time Group Abegins aproject and, if used, material from theexternal group is
introdluced later. As shown by the arrows, the process is gen erally linear, but decouples into parallel

proce[[g(indicated by ') at [3eplL 3 and 4. Many [tepW have the potential to badkrack to other [Veplj
and there is a chance that Step 4 is skipped entirely. Wine steps, such as Step 3, consist of two
important contributing steps and is therefore broken into steps A and B. At the end of the process, the
project is delivered to Group D).
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See AppendixA for more details on each group.

As discussed preously, two types of data were gathered- emprical workflow tracing data and
anecdotal.

It becane apparent early on during the interviews that many recurri ng steps were shared across goups.
For exarrple, one of the most vital steps in rrnany goups processes is to run assays; most groups run
assays 2-3 times per project, even if there is no badradng What these assays are, specifically, differs
from project to project. The time to develop these assays differs as well. However, the time needed to
run the assays is fairly consistent-generally 1 week, occasionally 2. Many data syneroes between groups
like this exist, especially between groups that have sirilar processes such as Groups A and Eand Groups
B1, B2 and D. Recogizing these similarities allowed for larger sarroesof anecdotal data, and also
allowed soreernprical datafromGroupsA and Eto be applied to other groups.

Ernprical workflow data fromGroups A and E underwent three stages of analysis: (i) curation; (ii)
pattern analysis; and (iii) distribution. Curation focused on renroving extreme outliers, inaccurate data
points and experimental projectsoutside of the scope of this project. Pattern analysis, both
algorithnically and by ey, was used to deterrrine potential process pathsthat were unlikely. For
exatpoe, Group E hasa total of 8 potential project pathsfor its lower branch because any step or
cotination of steps within said group could be skipped. Each project path had a characteristic pattern
of rissing data entries indicating skipped steps A gprithms were then used to deterrrine the total
number of projects that traveled each path. Analysis of the resulting data determined that only 3 of
these paths had a more than 1%chance of occurrir Paths with n-ore than a 1%chance of occurring
were considered significart and continued through analysis to sirrulation. In preparation for use in the
sirrulation, significart data was used to build timeline distributions for all possible steps.

Data gathered was also split along non-source based lines irto five groups path data, timelinedata,
quantity/capadty data, decision data and personnel data Path data was often derived from process
raps and repeatedly checked with mnutiple rembers of each group and rranagemert. It is, asa result,
fairly reliable. Tin-dine data was derived from interviews and errpirical data and, due to the previously
discussed synerges and empirical data, often had cross-group data that increased its reliability. Project
quantity and capacity data is, for some groups, very reliable. Groups A, 61, E know verywell what their
capadtiesare and typical project quantities, as well as the maxinum projects that they are able to work
on at a tirme. Groups D and B2 wereable to provide fairly rel iableestimates across many members.
Group C, on the other hand, is intensely individualistic, and these numbers varied widely from person to
person. Dedsion datJ- could, in some cases, be approximated from the empirical data collected from
Groups A and E. In all other cases, it was obtained throuc iterative irterviewswith goup menbers,

8 Decision data, in this case, refersto the outcorres of decisions For exarple, if agiven decision has 3 possible
outcomes, the dedsion data miht be that there is a 20/ochance of outcome 1, 3 0 of outcome 2 and 50/eof
outone 3.
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followed by a review by management. Through this process, approximate decision values were
estimated. These estimations were then simulated to ensure that the results mirrored reality, and
acjusted when necessary Personnel data was obtained by estirnmting aforty hour work week for each
individual in the group or subcroup, and noting the tasks that they were responsible for. General
personnel data for each group is noted in Appendix B.

Simulation Development
Smulationswere developed to provide APEG the means to preform low-cost expioratory piloting
without negatively irrpacting their existing projects. As such, theywere developed with an enphasison
flexdbilityand adaptability. Potential usesfor the sirnulations include but are not linited to:

1. Projecting the inpact of changes in TPL levels of projects. This is particularly useful because
APEGO TRLdi[tribution changeover timre; one can project expected future TRL levels, oberew
their irrpact on proces and then investigate ways to fix potential issues before they develop.

2. Projecting the impact of bench-level proce[]cange]on a given groupTdelivery time Hgier-
level process changes can also be rrodeled but require some revision of thesirnulation.

3. Determining the impact of introduction extra personnel, automation, or other changes that
impact capadty or process step duration.

4. Evaluating the implications of alterationsof project introductionsto process steps, groups or the
entirety of APEG For exarrpe, uniform project distribution vs random project introduction, or
20 projects vs 50 projects.

5. Evaluating the impact of having process steps done by external groups.
. Any combination of any of the above.

Models were built in the rmUr8 program Each group's process was sirrulated incividually, to avoid
compounding assun-ptions Each sirrulation has three essential prirarycomponents: (i) potential
process pats, the sirmulation version of the process maps (ii) deision rd.s; and (iii) timeline data
Capacity data and personnel data were added where po[jjjble and appropriate. For examope, Group C]
general lack of inforrmation made modeling of personnel work-hours unproductive.

Process path nxeling doselyfollowed the process maps in Appendix A. Details were added where
necessary to ensure model accuracy. For exarpe, Group B1 has a rigorous R&D cyde that is not
technically part of their procss path; however, it does affect active projects, so the affected steps were
modeled in more detail to ensure these effects were induded. Each process path begins with the
generation of the group'Obaljc unit- i.e., project p'O(GroupA), 'LO(Group C orANO(Group E). The[p
base units flow along the process path, deviatingto different branches and backtracking as dictated by
decision nodes. When conduded, each project is sorted by project duration.

One of the most beneficial elements of the Smul8 programis the ability to 'tag' each b" unit both at
gpneration and as it passes throut each step/decision node. TheJO individual project 'ta4] can be q2d
in any equation within the sirrulation, allowing each project to have identifying characteristics. This was
heavily utilized in the simulations, particularly in ranking project difficulty with difficulty valuesfrnom the
TRLframework. TRLs are especially important because of their effect on decision node outcomes.
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Decision nodes are where decisions within the simulation are made. For exane, after aseriesof tests

a decision must be made based upon the outcome of these tests. The decision node following the

sirrulated tests would look a the project characteristics and the potential outcormes and deternine

what the outcome of these tests would be for each project. Decision nodes are both the most important

elerrents of the sirrulation, and the most difficult to accurately model. There are three types of decision

nodes: Smple, Complex and Compound.

Figure 12 demonstrates the basic layout for a corrplex dedsion node. A given decision node may have as

many outcomes as it needs. First, a project enters the node. It is then sorted based on its TRL level.

Sore nodes depend on only one TRL; for these, easy-hard correspond with 1-3 as normal. An exanple

of this would be early testing done byGroups B1 and B2, which is usually focused on testing specific

characteristics relaing to IL: S Some decision nodes depend on two acgregate TRLs, with easy

corresponding to 2-3, Med to 4 and Hard to 5-6. For example, rro[ of Group E'nproce(I iLdependent

on only TRLS and TRL:P. Rarely, a node will depend on all three TIRLs, with Easy corresponding to 3-4,

Med to 5 -7 and Hard to 8-9. This typically occurs in latter groups, where testing may be dependent

upon all three TRLs. Each TRL level may have each potential outcome with some probability. So, for

exam-ple, TRL Easy may have a 90%chance for Outcome 1, while TRL Hard has a 1Y/%chance of the

sanme. Each outcome leads to a different step in the process path. Outcome 1 may proceed along the

normal path, Outcome 2 may backtrack a smnlI arrount, and Outcorre 3 may lead to project

cancelation. A sirrple decision node onitsthe TRLsortation step; outcomes are serri-randiom and are

only dependent on total percentage of projects to proceed to each potential outcome. These tend to be

used for rranagement ded sions unrelated to the biology of the disease. Occasionally, simple ded sion

nodes depend upon non-TRL based characteristics tags, such as the nurmber of tirnes that a project has

passed through a specific step due to backtracking, which is indicative of total time spent at that step.

Compound decision nodes combine complex and sinpe; they are identical to complex except that

some or all of the outcomes lead to simple decision nodes. Percentages involved in decision nodes were
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deterrrined empiricaly when possible, but the vast rmajority of the time were deterrrined through a

conination of anecdote and trial and error.

Times were calculated in a variety of ways. Where possible, a probability distribution for each [tep'[]

duration was derived from erirical data and induded explidtly in the sirnulation. If this was not

possible but erpirical data was available, the distribution was approxirnated through a combination of

erpirical and anecdotal information. Typically, this was done when empirical data was available for

combned steps For example, if the total tirre taken for steps 1-3 was known, anecdotal data would be

used to fill in the gaps. For steps without empirical data, there were many different ways to approximate

a probabiIity distribution. The simplest method was to assurre a normal distribution over a range of

tines. If a step was said to take 2-4 weeks, a normal distribution with p=3 weeks and o=.5 weeks was

assumed. M any steps, particularly assay panels and other tests, had durations that were dependent

upon TRL For exatpe, aTRL Easy project would take a week, aTPL Med project two weeks, and aTRL

Hard project three. In these cases, a formula was derived that would cjve the desired duration. For the

aboye exarrple, if duration was dependent on a sinJe TRL, -L #*weeks would be used. If it were

instead dependent upon two TRLs, two formulas may be used depending upon the situation. If the

duratior were 'hard' duratiorf}-that is, inflexible and consistent with a basic unit of weeks, they would

be coded in explicitly. If ir{Iead they were '[oft'- in other words, duration correlated to difficulty but not

in set units of a week, Total TPL #2*weeks would be used. Occasionally, these two methods-TRL

equation based approximation and normal distribution approxiarrtion were conbined. TIis was

tyically done when something was both heavily dependent upon TRL and had significant variation. For

exanpe, if a single TRL dependent step had a TRL Easy-Med-Hard durations of 2-3-4 weeks on averace,

1 week with a nirmum duration of one week, the forrmtula would be 1week+TRL #:N weeks, where N

is a normal distribution of p=1 weeks and a=05 weeks, Finally, the occasional step duration was

determined experimental ly throug'h sirnulation tri als, and then confirmed with APEG menters.

In general, the simulations are too corrplex to be accurately represented in this docurrent. Figure 13

shows the simulations for Group BI, complete with decision nodes.

LI-
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In order to more clearly discuss sinulation results, sorre of these steps have been grouped together,
and badkradking has been ornitted in the sirulation overvievs given in Appendix B. The simulation

overview for Group B1 has been reproduced in Figure 14 for comparison to Figure 13.

No de

\ 

'

Each sirulation began with afew consistent assumptions The
rmst important of these were the TRL assumptions. Through
discussions with managenrent, the current distribution of each 4 0,3%
TRL was determined to be approxirrately 65%Hard, 25% 5 3.8%
Medium and10%easy. This gives the overall distribution 6 11.3% K

shown in Table 1. While it may seem odd that there is such a 7 24.9%

plethora of hard projects, this is to the nature of drug 8 31,7%
9 27.5%

developrrent; it is inherently complex. Another assurrption was
made concerning the typical number of projects per year. These
were introduced into the simulation through use of a Poisson
distribution of average p. For rimulations where the base unit was not projects this assun-ption held,

but then each project wa[]m ultiplied by a modifier. For Group A'[] p and Group E[A this modifier was
TRL-dependent. Group C[]- was purely percentage based. Each simulation was allowed to run for 100

years to populate it, and thei run for another hundred years to provide 100 yearlong data segmerts.
This was done instead of generating new random numbers because of Simul8 limitations. Personnel
were assurmed to have an initial 85%availability, with the other 15%dedicated to R&D. Tihis was

adjusted as necessary for each cyoup, for a trange of ail bilities from 65%to 85% wi th 65%being

rnanagerrent who had process-step responsibilIties. While not an assumption, it is irmportant to note

that a week in the simulation is 5 days, as only work days are sirrul ated.

Sirrulation validation had many distinct parts, and was one of the greatest challenges of this project due

to the lack of historical data for corparison Before construction began, each assunption and basic

simulation structure (in the formof process maps) was confirmed with memibers of each
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group/subgroup, managernt for each group and upper rranagement These confirmation interviews
took around 10 hourstotal for each group, and were heavilyfocused on evaluating workflow paths,
estimatesof process step tirre (including TRL dependencies) and locations and potential outcomes of
process nodes.

The si mulation was then constructed. Additional assumptions were made wvhere needed, often derived
from existing data but eerimentally estimated through simulation runs where necessary For example,
it rray be known that a project should take 4-5 wees to progress through a seriesof steps containing a
decision node at the midpoint, and the tirrefor all process steps is known. Experimentation would then
be used to estirrate the outcomes of the decision node that give results matching known data. Once the
full simulation was build, prelininary results for each stepand overall processtirre would be checked
for accuracy with epectations. The inevitable inaccuracies would then be assessed, with a goal of
determining what area of the simulation they derived from For example, a simulation may be broken
into 3 parts, and the duration of each of those three parts checked for accuracy. Generally one would be
inaccurate, narrowing the scope of the potential problem. Gross inaccuracies resulting from calculation
inaccuracies, path routing problems, inaccurate decision nodes and sirrulation bugs were then resolved.
Often, preliminary results were very different from reality. S mulation assurrptions, decision nodes and
basic construction were acusted iteratively, with check-ins with group members and conmparisons to
available data to confirm changes and assurrptions as needed.

If still inaccurate, the simulation asa whole was then reviewed with goup merrbers, rmanagemet and
exewtivesto determine the source of the inaccuracies. For Groups A and E, historical data was available
to aid in validation, and thus accuracy wasfairly easyto ensure. For other groups, this resulted in a
reotpnably accurate [Jruatiorf For exrrple, Group B'1ujnation return[] r3ilt -1-2 months longer
than their process in reality; for a proces that takes 1-2 years, this is somewhere between 8%-4%off.
That assumes, of course, that reported development tirmes are not optimistic However, there is no way
to ir-prove the accuracy without more data; as more data is collected, the information within the
sirrulation can be updated to improve accuracy.

Coe Experimieni-,t a t ion
Once the basic sirmUation was deerred acceptable, queue analysis was conducted for mjor steps to
deterrine the locationijof each procellobottleneckdf For detailed information on each group']queue{J
see Appendix B. Group A has a current bottleneck at Sep 5, Groups Bland D 0 have a latent bottleneck
at Step 4.1, Group B2 hasa serious bottleneck at its own Step 5, Group C lacks queues-likely due to its
cydical nature and the rrinirral data available for the sirrulation, and Group E has no current bottleneck

Once bottlened<s were identified, each simulation wasexperirented with to determine potential
sol utiors. Sore suggestions proposed by APEG personnel were also experirmented with to determine

9Se Appendix B for sirmlation results for average and raxirrumqueue size for each step and average wait time
in each queue. These were thevalues used for validation of individual steps
0 Groups Bland D have nearly identical processes-thisstep and those inmediately preceding are the sare for

the two g-oups
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their potential inmpact These solutions indude the addition of personnel or automation", uniform

introduction and potential new process steps done by external groups. Detailed results fromthis can be

viewed in Appendix B. The bottleneck at Group A Step 5 was particularly responsive to additional

personnel. Group B1 has proposed process alterations with the aimof decreasing overall lead times; this

change has potential but could not conclusively be determined to be benefidal or detrimental. Piloting is

reconmnded, as it will likely not have a significant negative impact. The bottleneck at Step 5 of Group

B2 was somewhat responsive to additional personnel. Groups C and E had no changes on the current

situation tested, as a bottleneck could not be identified.

TRL sensitivity testing was conducted with 8 variant TRL assurrptions, show in Figure 15, for a total of 9

potential TRLs.

Cuet Sbgql Ea<Vhb ae

1% 11% .5%
25%6 2 25% 2 25%

65 360% .3 70%

Unii 1 Etv me'y Har xrem y

1 33,33% 1 0 1 100%

2 33 33% 2 0 2 0
3 33 33% 3 100% 3 0%

ard Future Harder Futkure Hardest Future

210% 2 15%0, 2 20%

Variations on the current situation were experimented with for two reasons: basic TRLsensitivity testing

and to determine if the sirrulation responded to variations in TRL in a reasonabie manner. Often in early

sirulation development, this revealed nonsensical results or extreme reactions. Part of validating these

sirrulations was building in appropriate responses to minor TRL changes. Ail simulations respond

appropriately to rrinorTRLvariations, with minor changes in overall time that rrake intuitive sense for

their process.

Extrerne Tts were tested for sii lar reasons. If Extrernely Easy returned results that took less time than

was possible for the actual process that was a red-flag that there were inaccuracies in the duration

asSUrptions. In addition, Extremely Easy gae an approinAe best-case scenario for the group, and

Extremely Hard gave a worst-case. Uniform gave an internediate and ipthe 'ideal'[Jtuation for APEG'O

desire to balance innovation and standard work These three TRL settings gave a very good idea of

overall trends asTRL is changd. If a simulation was too sensitive to TRL, or not sensitive enough or

sensitive in a way that did not make sense, extrerme testing revealed that. Extreme testing also provided

"In the sirrulation, the two are essentialy synonyrrous as both increase capadty and personnel work hours.
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benchmarksto use in evaluating the irrplications of future testing. It was extreme testing that confirred
that the bottleneck for Rtep 4. of Groups Bl and Dwas latent; Said bottleneck disproportionately
effects easy projects, and as a result the Extremely Easy TRL setting results in rmssive queues. In reality,
these queues would be rritigated by a redistribution of resources, so this is likely a sirnulation artifact
rather than an actual issue. Group C, on the other hand, is very resistant to TRL changes as a result of
the lack of data avilable to build it. Most sinuations returned reasonable values for Extreme TPLs.

Projected Futures were not tested for validation; instead, they were meant to test how TRL levels 2-5
years from now would affect each group process. It was estimated that 80/oof projects would have a
TRLof 3/Hard for each TRL type, aTPLof 2/Mediumfor 15%and a TRLof 1/Easy for 5O% This obviously,
is the Harder Future TRL setting. Sight vanations-Hard Future and Hardest Future- were also tested to
deterrrine sensitivity. The impact of potential changes was also tested for Harder Future, to deterrmine
the future impact of those changes It was this testing that revealed bottlenecks for Group E which are
the rrost sever in the organization; discussion with Group E personnel revealed that these bottlenecks
already exist, and are only being mitigated through herculean effort Adding 1 or 2 extra staff menters
is recomrended as soon as possible. Adcditionally, through this analysis it became dear that adding an
additional person to Group A will become essential in the future. It did not provide any rrore dataon
Group BI and D' propo[d prooEflchange.

The detailed results and analysisof simulation exerimentation for each group, induding graphs
detailing the effects of changes and initial queues can be found in Appenclix B.

Example Model Validiation and Experimientation
Once again, Group B will be used asthe exmiple group. Fully detailed datafor Group B is in Appendix
B.2.

The first step in validating each group was obtaining timelines reasonably similar to those given by data.
Emprical data requi red a dose rratch, while anecdotal required a slightly less precise rmtch. After that,
data for step queues was compared to reality. If a large queue was forming in an unlikely place, that
step and those leading to it were exarined and adjustments made. Often rmaking these adjustments
increased the accuracy of the simulation asa whole. The queue validation data for Group BI is given in
Table 2.
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Once the sirnulation was confirrred to be operating accurately, queues vwere checked for bottlenecking

Figure 16 shows the only bottleneck for Group B1.

3tep 4. 1-Capadty 20
20

15

5

0

This step has a few characteristics that rrark it as a bottleneck, the rrnst irnportant of which is the

sudden spikes in queue quantity over tire. These spikes are not sudden enough to be the result of a

sudden influxof projects; there is dear buildup to each peak. However, the capadty of this step is 20

projects, an amount that the queue never reaches. This indicates that while it rnay be a bottleneck, it is

likely not a severe one. In addition, Group BI was sirnulated off of anecdotal data; this bottleneck nay

not exist in reality. It is therefore recornnended that this step be rmonitored but not otherwise

addressed at this tirre.

I
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Group B1 also has a proposed new step, Step 5.2. Analysis was conducted to deterrrine if irplenriting
this step would affect project tirnelines; this was non-standard, and is induded in Appendix B.2.

The next step in validation was TRL variation, as shown in Figure 17.

Variations on Current Extremes

0 N ~~ ?i4~~&rhar a0 n astna o stri ;v t I.
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4 ati on Cre 4n Extrerne TP testig were pe r 4me t 2 6t 42 3st ths tnse60a sE4726 at, 4

The 0bv eut hwacpal estvt.Loiga xrre eel ortiguuul

4 Mrh , o 4 Bmrth

Projected Futures

Varimtions on Current and Extree TLte i ng were performed to test the si uation sensi tity to TPL
The above reslts show acceptable sepsitrity. Lookng at Extremes reveals somthing unsual;
Extrenely EasyPLs result in Ier dei very t es. Thius isd ue to t he bottleneck Step 4.1, which
disproportionael y a ectseasy projects. Wi th al easyprjects, the step itsoverwhdred. In reality, this
wo uld not happen, as Gro up 13i -mnters cain perform alIl of t he atep 4s i nterchangeabl y, so as capadty
wo uld i ncrease at Step 4. 1 as need decreased at the ot her steps. Proj ected Futu res, rev/eal s that as fut ure
proj ect di ffi culIty i ncreases, so does del ivery t irres, but i n a reaso nabl e rnnner. Thi s i s as expected, and
i ndi caes t hat the 4. 1 bottlIeneck i s not an irminedi ate i sse.

Projects with proposed process changes then had [Harder Future TRI-s applied to the potential changjes,
to deterine potenti al fuitu re effect. I n somre cases, th is showed th at t hese ch anges; were e-,ent ial to
veldntain productivty.

Explori ng APEG'flcurrent proceqfj]in depth lead to a nuanced underjanding of their rretWCJ
rnotivatons, challengs structure and strengths. This kniovledge was then applied to sirrulaitions of
APEG[Lproce[W]and u[gd to evaluate potential i[ipEj both current and future, along with potential
solutions.

Page f40



Chapter 6: Recommendations
Once the simdation experirrents were complete, a number of rewrnmendations were developed. Some
of these were sirrulation based, and sorre were based on irformation that was collected during the
process mapping phase. Recorendations took three forrrs new metrics, appropriate times for data
tracking and process changes.

I rnplemnent Framework
CurrertlyAPEG has no formal, defined method for communicating project difficulty. People assigned to
sad project have avery good understandingof the project's corrications and certain project types
have charactersticdifficulty lels that are well understood within APEG. Within APEG itself the ability
to effidently cormnicate project difficulties, while beneficial, is not esential. lowever, APEG does not
exst within avacuum

APEGIO project loads are determined by thevarious Group a's that it interacts with. Group or'[are
incentivized to initiate projects based prirrarily on value to the patient population, and may not be
familiar with the potential technological correxities for any gven project and resulting impacts to

APEG'Oproce([D]APEG Looking at the various ExtrerreTRLvariation results in Appendix B shows dearly
why this is problemrtic; the more difficult the projects, the longer the cyde time. Currently, APBG deals
with the issue by educating Group a on the technological risk assodated with each project, such that a
balance of risk/reward across Group a'oportfolio can be achieved. laving a quantifiable scale-such as
T1RL- to evaluate project difficultyon and communicate relative difficulties would aid in these
discussiom It would be very benefidal to conduct prelininaryiTRL evaluationson the threeTRL axes-
SDIution, Disease and Solution Molecule- to better cormnicate with Group a. In other words, APEG
can use TRLs as a method of approximating project cyde times and then use that information to
influence the projects it takes on.

As projects progress through APEGOproceEDland more become{jknown about them, the TPi]would be
acojusted as needed. IRLs could then be used as a method of evaluating intemal project load; if APEG is
responsible for 20 projects, this ould mean an accurmuative TRLof 60 to 180 as all three TFs range
from1to 3. APEG could estimate or determine empirically the maximumTPLthat they can
acommodate, for exirpe 150, and use this value to evaluate when additional projects can be taken
on, or when projects should be put on hold. Groups within APEG could do the same. Implementing the
use of TRL metrics is low col and would be useful both intemally and externally. APEG has expressed
interest in the application of TRL, and rnembers of APEG have already begun using the terminology.

Data-T racki ng Recommendations
It is vitally important that APEG gain a better underFlanding of Group COproce[f This became clear
during interview and while trying to rmp Group COproce[D and ifalFp [Jown thro4 Group CO
flmulation'oinabilityto cope with TRLchangeo Without this understanding, improverents cannot be
made. Within APBG, Group C iOviewed ara [prt of 'black box'-people know what gces in and what gpes
out and the general approach taken but not rruch mOre. Group C itself has both avery individualistic
culture and the general belief that every project is highly unique. As a result, Group C views themselves
as improvisers with a set of toolsthat they adapt to each project. This rrakes it difficult for themto think
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of what they do as having a set process Chanjng this culture, while difficult, would rnkegaining and

raintaining understanding of Group Cmuch easier. Unfortunately, chancjng a goup'oculture i[
extrerrely difficult and takerja great deal of time, and Group CFfiercely independent nincWt makEl{it

unlikely that this change will happen anytime soon.

APEG'Dother 9oupoundertand quite well what their bac proce[Eflow iE. GrouplA and E, in
particular, have both a detailed understanding of their process and the errpirical data necessary to

identify, evaluate and fix potential problerrs. The other goups, however, would benefit greatly from

sini lar data trackinj As part of simulation development, decision nodes and their potential outcomres

were determined; by definition, these dedsions have a large impact on project tirrelines. It is

recorrnended that these goups track the outcomes and respective dates of these dedsion nodes. Most

nodes would only need one or two possible outcomes tracked. At 2-5 nodes per (youp, this would not

be espedally burdensome. It would be espedally effective if this were inplemented with APEG'[
potential workflow tracking progarn APEG upper managerent has expressed interest in doing this

once funding is available.

Recmmnde FItu I" C ne'S
A nunter of issues and potential fies were identified across groups. These are surnrmrized in Table 3.

More details on analyzing these issues and potential fixes can be found in Appendix B.

'4d

ps 2 1, uur k 2 dditionat staff for lower brarch

It is recornrended that an additional person be hired or automation with a sirrilar impact deveLoped for

Group E'[]DC[:Oon a(] po]f]ble. While the predicted bottleneck i] not currently an i[f]ie, thiF] ifidue to
unsustainable effort being performed by the responsible subgroup. This bottleneck has the potential to

cau(jb huge delayA] if it inot addre[fled. Group A'] bottleneck io leWl[evere, but hajthe potential to

irnpact every other subgroup, as they may be called upon at any time by any group. As a result, hiring an

additional person or imp0ernenting automtion to assist with Step 5 would have a disproportionately

large benefidal effect on overall deliverytirres. Group B1 and D]Step 4.1 bottleneck i[ in fact, the

sane bottleneck for the sarne step in two very sirri lar processes. In both cases, while there is a

bottleneck at this location, it is not severe. It is reconmended that this step be dosely monitored, but

no action needs to be taken at this tine. Group 1 is also thinking of adding external Step 5.2 to its

process. Initial analysis suggeststhat this rray not be useful, as it causesonly mrinor changes in project

deliveries. In fact, it may be slightlydetrinmental. It would, however, reduce Group Bl'outili[ition and

may be beneficial depending on which projects pass throuc it; it istherefore recomrrended that this
change be piloted. Group 82 has a semi-sigiificant bottleneck at Step 5. Additional staff for this step
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does reduce the resulting production tirmes, but not hugely. Additionally, some mentersof Group C
assist when thisstep builds upa large queue. It is therefore recorrrended that more personnel be
cross-trained to assist with this step and that they work to prevent the creation of the queue, rather
than assisting after the queue has already built.

Unfortunately, addingadditional people to APEGisdifficult at this time. It is possible that Group Ewill
receive additional staff, but unlikelythat GroupAwill as it does not havean imm-ediate isse.
Fortunately, the other suggestions are relatively low-cost and thus havte a higher chance of being
implemented

Co-nd.,us ions
APEG consistsof exremely skilled, ery intelligent indvduals who hae been dealing with a complex,
changeable process remarkably well. They have, however, reached the point where process
improvement will be verydifficLt without better data. Thisis particularly true of GroupC but appliesto
Groups B1, B2, and Das well. In order to further understanding of their processe sirrulations were
built based primarily on anecdotal data. These si rulations have revealed a number of potential
bottleneck issues both current and future, that need to be addressed. Additionally, thee sindations
can be used in the future to evaluate the potential impact of process changes. APEG would also benefit
from introducing a IL-based ranking systemfor evaluating and comparing project difficulty and
potential cycle time, both with other goups and with internally
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Appendix A: Process Maps and Data DetaiLs by Group
Process Map Key

Parallei proceffie[]are indicated by'. i.e. 1 and 1' are parallel

Sub-processes are indicated alphabetically. i.e. lb follow la.

Exlusive process steps are indicated nunerically. i.e. 2.1 and 2.2 would be nutually exdusive process
steps following step 1.

retin (: Ovea Procs a

Group 61 Group CO

rop G, Grou p A GroupEGrauC

cro-4p B2 Goup C

Arrow Width raughly corresponds to nunter of projects passing through each potential harndoff

At the executive level, APEG has very good data on its processes, though it was sut-optirrally organizd
for this kind of project. Figure A.0 1 shows an eeutive overview of APEG'[]workflow throuch the
respective teams. An external Group a reque[M]a project, which is assigned a project lead. Group A then
initializes the project and becjnsprelirrinary work. The project is then handed off to either Group Bl or
Group B2, depending on the project requirements. Projects that pass througi Group B2 rmust then pass
throughi Group C Admost all projects then pass throughi Group D. Finally, all projects pass through Group
E before being handed off to the external Group 0.

It is worth noting that this is a representation of the mrost likely possible project paths; there are a
plethoraof other, less likely options. For exarrple, a sinje project may pass througji Groups Bl and B2
sirrultaneously, though this is rare. Additionaly, backtrackingfrom any stage to almost any other stage
is possible. If a project is experiendng problems in Group C, it may then backtrack to GroupsA, B1, or
B2. In situations like this, it is much I ikely that a project will return to its previous project path (i.e., if it
passed throuch B2, it will return there instead of 81), but this is not certain.

Often, a given project will have many different Subprojects in different groups; thus, Groups 1 and E
may be working on the sarne project simultaneously. This is the case for virtually every project. For
exarple, a given project rray contain 100 different molecules. If 50 of those molecules successfully pass
all tests within a group and 50 do not, there is no reason to hold the successful 50 rmolecules back. They
will proceed to the next goup, while the 50 failing rmolecules rearn. Typically, many of these
subprojects are on hold and are canceled once a [pbproject further along reache[]'Group 0 or is
canceled.

The maps within this section are Level 2 (Managerial). Level 3 (detailed) maps for each group exist, but
are far too corrplex to be accurately represented in this report.
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Group A is one of the goups with the rmost advanced understanding of their process. This is

unsurprising, as they are also one of the g-oups under the rrost time pressure. In addition to initializing

each project, Group A is also often called upon by the other groups for additional work. This work

typically inolve] executi ng only part of Group Ao proce[L but iltine coniming nonethele[fl The bz(Jc

'unit' of work-for Group A [jalI be referred to a(]p and is correlate to TRL Harder projects have rmore

'l Each project nray have rmany p'[1 and new p'O ray be developed throughout the early project

development stages. Generally, by the tirne Group D is working on a project p development is corplete;

it rrust be complete by the tirre a project has passed to Group E Sone p may be devdoped by external

goups thougha this is rare.

Group A is organizd into specialization-based subgoups. These subgroups each have predse, well

understood processes that do not change rruch from p to p. Additionally, Group A has very good

tracking data for the majority of its process steps. This data consists prirrarily of excel files tracking the

dates that each p enters each step. Group A has been actively working to improve its process steps for

many years, and as a result knows fairly well what to track and where issues may arise.

Within the organization, Group A is highly respected. Their rranager has worked for APEG for longer

than any other manager, and their interaction with rmany different goups gives them high visibility.

They are viewed as reliable and highly cornpetent.

Group A'output iLa collection of p'] which iLihanded off to GroupO B1 or B2 or the requefing group.
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Sec onA 2:GoupB

Uir L I1vew 1J, Go BI Cir p B

Of all Joups, Group B1 understands the intricacies of its process the best. They hav/e recently and

repeatedly analyzd their processes in an effort to nake irnprovements, and it shows. In fact, a recent

initiative by Group B1i- the creation of Subgroup G- has reduced deve4opment tirres for all goups by 2-4

weeks each time Subgoup G is utilized.

Group B1'O proce[ i]lconplex but fairly linear, ecept after te[Jing where backtracking to previouL([Jepj

may occur. The basic unit for Group B1 is projects; they cannot begin working until sufficient p'O have

been delivered by Group Aand, potentially, other external goup[} p'O ay continue to be delivered

throughout their processes.

Group B1, unusually, does not haw process data tracking to support their excellent understanding of

their processes. However, their understanding of their processes as a whole and individually gjves them

excellent tribal understanding of the timeines involved, so this is not a huge obstacle. Generally, a

project is assigned to a given goup rrenber, who is responsible for all stagesof that project with a

goup. A given goup rrener may have -5 projects, but at rmost two are active at a time. The other

projects may be on hold, waiting for results from another group or otherwise inactive.

Group B1 iswell respected within the organization. Their cormparative lack of direct interaction with

other groups reans that m-any other groups do not know exactly what they do, but they are viewed as

reliable and innovative.

Group B1 outputs projects, all of which pass to Group D.
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Group B2 is a recent creation. Previously, they were a subgroup of Group CD Establishing B2 as an

independent group has required a modification to their processes Asa result, their processes are not

firrry established, though they parallel Group B1 fairly dosely. Figure A3 1 reflectsthe goup's

understanding of their processes, through further discussion with both Group B2 and other goups

indicate[that the proce[l] i[l in fact, fairly doE to Group Bl'!] proceMf but with the [pedficf]of each [Jep

altered, and different potential reasons for backtrackrg

More than any other group, B2 isconstrained by basic biological restrictionsaffecting what can and

cannot be done. This, corrbined with the recent formaion of the goup, makes determining potential

process im-provements difficult.

Group B2 has a very gcod general understanding of their procs and its steps, but both detail and

workflow tracking are lacking. Projects are, like in Group B, assigned to a goup merber for mich of

their process, though this is much nore flexible than in Group B1. Similarly, a given individual may have

many assigned projects on hold- waiting for resultsfrom another group or otherwise inactive. Group

B2'[proc(f i[]nfairly work-light at the start, so more active projects may be carried at one tirne. Step 5 is

always performed by a specific subgoup, who are only responsible for this step.

Group B2 is viewed fairly neutrally within the organization. While its work is respected, it is a new goup,

with a new manager fromoutside of Graybel. Their primary unit of work and output, like 81 is projects;

Omilarly, their input iop'1
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Urido A , 4. Grup C

Step1
te A tep lam"te 1

Group C oocupies an interesting niche within the organization. All projects that pass throuc Group B2
must pass through Group C In addition, the rmajority of project leads come frorn within this group. As
previou[y noted, Group Cu[Pd to al] be reFporlble for Group B2'0 proce[[j

Group Coproce[[]iirnarkedly different from all other proce[L]within APEG; in general, APEG'
processes are linear with potential badrackinc Group C, on the other hand, is very cyclical. It has a
very linear, short process with a very high chance of backtracking. Group C possessesthe most
experimental process within APEG.

Most membersof GroupCdo not recognize their process asa process. They think of itasaseriesof
experimental steps that are highly customized to each project, and thus not consistent enouch to be a
'proce[f. From diLuTu[jor]with upper managemrent and certain group members it is dear that, while
this is somewhat the case, it is possible to abstract these experimental steps into a coherent, consistent
whole. Fbwever, due to the general culture of the group, it is impossible for a detailed understanding of
the process to be achieved at this time. Nevertheless, Figure A.4 1 shows the abstracted process in as
mnuch detail as possible. Group C has no project tracking data

The basic unit of Group C like Group A, would in an ideal case be sirrilar to p; i.e., multiple subprojects
per project dependent upon TRL values. However, the general lack of workflow data makes this
impo[jble; for the duration of thioreport, Group Cobal]Eg unit i[ 7 and is purely percentage based. In
other words, a given project has multiple E, but theF- are independent of TRL

Menbers of this group view themselves as having a broad, diverse technical skill set. These skills are
adequate to perform tasks typically done bysorre, but not all, other Groups. If a group is in need of
additional manpower, Group C rrerters can often assist. They are respected within the organization.
Interestingly, while the individual rnenters of the group are viewed as highly reliable, the group itself as
a whole is viewed as sorewhat unpredictable due to a combination of variable cyle tirres, variable
mermber skillsets and an external lack of understanding of Group C[jproce[D

The rnajority of Group C[output[]are handed off to Group D. In certain cases, however, their projects
are instead passed off to Group E directly; this is because Group C process is, essentially, a spedalized
verfon of Group D'[.
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Group D is the only goup not located in the US Instead, they are located in Europe. Their process is

very sirilar to Group B1'proce[L with [pnme additional early [3eW and an additional alternate path

that isstill in developrment. Asa result, they occasionallytakeover Group B1'flrole when Group B1 is at

capadty and new projects need to be started.

Group D'O procef]i[fairly linear, with a lower chance of backtracking than either B group. Certain

projects within Group D are suited to an alternate, highly linear process that is much faster; this is the

upper path in Figure A.5 1. This process is very new, and there is not enougi data at this time to analyze

it.

Group D'O proce[EiOwell underjood by its merrbers, though they lack the process inprovenent focus

of Group B1. Instead, they focus on technological and biological innovation to irnprove their tirrlines.

This dichotony between the two groups' irmproverment methods is very useful; innovations within one

goYUp are shared with the other, improving both groups' processe and rrethods. They are also shared

with other groups that rnmy benefit, though this is less comtmn due to process differences. Group D

does not trackworkflow or process times in any detail. Uke B2, the basic unit of Group Dis projects. All

of their outputs are handed off to Group E

Group D is regarded very well by other goups. The distance involved means that there are fewer
connections between individual group memrbers, but the group as a whole is vievwed as reliable and very

knowledgeable.
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Handc.

Group D
or C4oup

Group E'[proce[o ifairlyJrMlar to the end of Group Ao (Stepo 5-0. Like Group A the basic unit of
Group E is not projects; for the duration of this report, it will be referred to as A. Each project has
multiple A'L Like Group A, Group E is under extrere tirre pressure and as a result is thoroughly avrare of
how their process works and the potential issues that may arise.

As shown in Figure A6 1 there are two process paths for Group E. The upper path is primarily focused
on internal delierables; their handoffs mostly go to other groups within APEG. The upper path also, in
sorne instances, is responsible for Subgroup G'bwork in later [:agejof the project. ThiEis very

dependent on the project needs and biology of the relevant rrlecules. Prior to Subxoup G'ifornation,
the upper path was used for the rrajority of Subgroup G'[ work, though some was done internally within
other groups. The lower path is primarily focused on external deliverables, and is located off-site with
Group Q. The primary difficulties faced by Group E are biological and technical instead of process-based;
by the time a project reaches therm it is nearly complete. Both groups are responsible for converting
APEG'rrethod[]into Group 0'F proce[ elto fadlit-te handoff. Each path has an assigned sutearn
responsible for all steps within that path. Group E has workflow tracking data aailable, primarily the
entry date for the vaious steps. This group is unique in that any process step or steps may be skipped,
depending on the project and its requi rements

Group E is generally welI regarded by other youp mentrers, though they encounter sorre pressure
related to their roles as finA project steps.
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Appendix B: Results by Group

kKt 1 nc) "

N

ct~pL

Omts rrinor badktracking for darity See process nap in Appendix A for non-si rnpified version

Steps 1 and 2 are each performed by an individual and external goup working together. Steps 3 and 4
are performed by a sirje subgroup, each on a weeldy basis Steps 3 and 4.2 each also have their own
dedicated subgoups. Projects are converted into p between Steps 2 and 3. Step 2 is external and thus
has infinite capacity.

Que !!441E:

36 p

<I

Group A is unique in that two of its steps-Steps 3 and 4.1- adhere to consistent weeldyschedules. Each
Step is started on a Monday and concluded on the net Monday for all p. Asa result, the wait times for
these steps are higher than one would expect from their queues. Step 5, on the other hand, is artificially
lowered due to sinulation design. Each p passes through Step 5 and its respective queue 2-3 tirres; In
other words, the actual accunlated wait tirne for each project is approxirrmately 21 days These
numbers are sirnilar to those provided by en)irical data and match expectatiorns for those supported by
anecdotal data.

I
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Note that Step 5 is dearly the bottlened with queues nearly 4 tins the capacity and prone to the

resulting characteristic huge, abrupt swings in queue quantity once capacity is reached. The next rrnost

sicnificant bottleneck is Step 4.2, with queues hovering around 3-4 times capacity in extrene situations.

Unsurprisincjy, these are also the steps that take the amost time to perforn Step 2'capacity (I infinite

because it is done by an eternal corpany with a very large capacity.
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Two potential methods of fixing the Step 5 Bottleneck were proposed- additional staffing and uniform

introduction of projects. The results of these potential fixes on overall project delivery tines are below.

Percent Delivered /Month

~-

24~ :2%

untts to rc ne

Both uniform introduction and additional staff prove at least sorrewhat helpful. A single additional staff

rmerrber proves hugely benefidal in early months This is particularly noticeable in rronth four,

increasing the nunber of projects delivered by 10% A second staff rrernber is also benefidal, but the

comparative gain over asincje staff rmber is relativly small. Increased staffing provides a continuing

benefit for all projects, increasing the nurnber of projects delivered early on while decreasing the

number delivered later.
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Percent Delivered/Month

Uniformintroduction increases the nurnber of projects delivered in rnonths 2 and 3 by 7/ but
decreases the number delivered in rrnonths 4 and 5 by 60/ after the first 5 rmonths, the nunber of
projects deli-vered each n-onth is neariy identical. In other words, it only affects projects whose delivery
takes 5 rronths or less, and accelerates their developrrent by 1-2 rronths. This is likeiy due to the
weeldy scheduling of steps 3 and 4.1, which create a pseudo-uniformdistribution whenever they have a
queue.

Given that both methods created at least sone inprovernent, the effects of both methods applied
concurrently was then rmdeled.

Percent DeliveredtMonth

C4 9 7 % 95, 9% 97. 1%
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As one could predict from the individual nodels, rmonths 2 and 3 show improvermernt with both uniform

introduction and 1 extra staff rnter over either individually. Month four is where things becorre

interesting, with a massive increase fromone additional staff menber that is absent from a I other

variants. Looking at the total percent of projects delivered by rronth four makes things much clearer.

After 4 nmnths, the nuner of projects delivered is roughly equivalent for the current situation and

uniform introduction. Projects delivered for 1 extra staff m-errber and both irrproverrents are alo

roughly equivalent. These equivalendes exist for all projects delivered after rronth 4. Fromthis, it is

dear that an additional staff memrber at Sep 5 would geatly improve delivery times. Adding uniform

introduction to this would have sore effect early on, but may be rmre trouble than it is worth.

Nine TRL variations were tested, as shown in Figure 15.

Variations on Current
a Current 9ightlyEasier 9 ighy Harder

35%

20%

15%

10%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18s

Sight variations inTRLIDistribution result in slight variations in percent conpEted each month. As

expected, slightly easier TRLs take less time to produce, and slightly harder take more. Thus, the

sinulation is responding as expected and is not overly sensitive to TRL This also indicates that the

decision node outcorres ire reasonable, as they are heavilyTRL dependent.
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Extremes
w Uniform Extrerrey Hard a Extrerrely Easy

4 5 6 7 8 9 10 11 12 13 14 15 16 17 1s

Extremes indicate that a project cannot be cond uded in less than a month, which matches expectations
Srilary, with all hard projects almost all projects take over 18 months to create; this is due prirmrily to
the bottleneck at Step 5. The numrber of tirrs a project passes through Step 5 is TRL dependent, so
extremely hard TRL settings results in many more repeat passes through said step. This matches
expectationsof what would actually occur in thissituation.

Projected Futures
a Hard Future

2@0

15%

10%5%1

1 2 3 4 5 6

Harder Future a Hardest Future

7 8 9 10

Projected FutureTRLvariations aLso react asexpected, with delivery timestakir longer for rore
difficult futures.

It is worth it to also test the projected effect of an additional staff rrember on projected future TRLs.
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Impact of I Extra on Harder Future TRL levels
I TR A T x I T F

A
'A ~ ~ 2

It is interesting to note that adding one additional staff merrber to Step 5 causes projected future
project deliveries to be roughly equivalent to current deliveries, in addition to irrproving current
delivery tines. From this, it becones clear that it is would be very beneficial to hire an additional staff
menber.
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Seto 2: GrN~-ou,,p B 1
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Bad<trakng onitted for darity; See process rmap in AppendixA for non-sinpOified version

Group BI assigns rnenbers to projects at Step 1, and that rrrter performs all non-external project

steps. Steps 2Cand 3' are external

-rlc: ecs 4.11 y

These values generally rmtch expectations As previously nentioned Group BI has a very thoroutL
understanding of their process and has been working to reduce tirrelines The apparent bottleneck, Step
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4.1, is heavilyTRLdepended. The various Sep 4'Tare the rei3Jt of differentTRLvalue[}ITRL Easy and
TRL Mediumgo to 4.1, whileTRL Hard is split between steps4.2 and 4.3 based upon other qualities.

However, ths is may not actually be a true bottlenec, as the 4.2 and 4.3 processes take much longer

than the 4.1proces. Even with the higherwaittime, projects passthrough the 4.1processfasterthan

the 4.2 or 4.3 processe. Therefore, rore inforrration is needed. Step 5.2 is not currently active, but it

is somethng that APEG is considering addingto the process. The implications of this are addressed later

in thissection.
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Looking at these queues, none exceeds their respective step capadties. Therefore, while Step 4.1does

exhibit bottleneck characteristics-the abrupt increase in queue armunt, in particular- the size that said

queue reaches( 4 *capacty) is srall enough that this bottleneck is not a huge issue. Given that this

sirnulation was created without enpirical data, this bottleneck is smal enough that it could even be

non-exstent in reality. This step should be ronitored to determine if this bottleneck actualy exists and

to deterrnine how significant it is.

g
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Effec-ts of Usi ng -,t-er.5
Progessing to the three options for Step 5 is dependent on TP. as it is the output of a complex decision
node. Projects are routed to each potential Step 5 based up their TRL values. The TRL ratio %riations
tested are shown in the table below.

TRLEas 7r 30%

TJ:an 0 3%7%

TPU M.d a15
35%

33% 33%33% 3>%

Step 5 Distribution Variations
a Current Variation m Variation 1 Variation 2 m Variation 3

8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84!

4Months
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Currulative Effect of Step 5 Distribution
hCurrentVariation - Variationl

10%CP/

0
60%
40%

4 8 12 16 20 24 2

Variation 2 a Variation 3

3 32 36 40 44 48 52 56 60 64 68 72 76 8

4 Months

0 84s

Fromthis analysis it becomes clear that, tirning wise, utilization of Step 5.2 is only benefidal with an
even distribution of projects going to each step. However, Step 5.2 is external, unlike 5.1 and 5.3, and
Group B1 experience very high utilization (-9, which can be slightly reduced by sending some of Step
5'jwork to another goup. It will require further inve[tigation, potentially through piloting, to determine
if iplementing Step 5.2 is beneficial. The sirnulation does show that the effects of implementing Step
5.2 are only slightly detrimental at worst, so piloting to determine the true effect would be beneficial.

E ffecs oT R5kL VJarIat

Nine TL variations were tested, as shown in Figure 15.

Variations on Current
m Current wSightly Easier

4 8 12 16

Sightly Harder

A10 Aft AAfv m

20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84!

4 Months

Variation of currentTRLs showed expected reactions; sli4it variation results in slight changes in percent
comrpeted each nonth. It is interesting to note, however, that the case for Group B1 is not nearly as
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dear cut as for Group A For projects that are corpleted quicky, easier projects take less tire and

harder projects are roughly equivalent to current. However, the curves are not smooth for Group A This
is particularly evident around nonths 40 and 44, where both easier and harder dearly deviate from the

trend. LUoking at the extremes, the reasonsfor these deviations become apparent.

Extremes
Uniform a EArerrely Easy ExtremE-y Hard

15%

t 50%lOto aw

4 8 12 16 20 24 28 32 3640 44 48 52 56 60 64 68 72 76 80 84-

4 Months

Contrary to basic expectations, Extremely Hard TRLs take less time than Extrerrely Easy. This is where
the potential bottleneck at Step 4.1 becomes relevant. Extremely Hard TRLs bypass the bottleneck
entirely, while Extrerrely Easy TRLs have all projects passing through it. Clearly, there is the potential for
a bottleneck at this step, though my not yet have an effect on overall production tires. In reality, if a
situation like this occurred, it would be trivial to increase capacity for Step 4.1 while decreasing capacity
for Steps 4.2 and 4.3 at the sarre tirre, as theonly, as they are constrained by personnel (all of whom
know how to do Step 4.1) and not equipment. Nevertheless, 3tep 4.1 should be carefully watched for
potential issues,
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Projected Futures
a Hard Future a Harder Future

~~-

16 20 24 28 32 36 40 44 4
Months

Hardest Future

8 52 56 60 64 68 72 76 80 84-

Projected Futures tells one important thing about Group BL. Essentially, the prospective bottleneck at
Step 4.1 is not yet an issue; as TRL increases in difficulty, time to produce also increases. If the
bottleneck which disproportionately effects easy projects, were truly a problem rigft now, production
times would decrease while difficulty increased. This does happen a bit when comparing rrnore difficult
futures to the current situation (see Error! Reference source not found.), so there is sorre effect from
he prospective bottlened but it is not yet an extreme issue.

Given the uncertainty around the potential benefit of implernenting Step 5.2, it is worthwhile to see if its
implementation may have rore positive benefits in the future.
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Variation land Harder Future
Harder Future , Harder Future and Variation 1

, Harder Future and Variation 2 Harder Future and Variation 3

100%"0

4 8 12 16 20 24 28 32

(U

52 56 60 64 68 72 76 80 84

Re results of this analysis are very interesting Variation 1 provAdes an initial benefit for projects that

take less than 28 ronths and then lags behind the other potential futures for the renining Variation 2

generally lags behind all other futures. Variation 3, which was previously found to be potentially

beneficial, continues to be so. Early on, it matches or exceeds the percentage of projects delivered by

having no step 5.2. Imrplerenting Rtep 5.2 continues to be something worth further investigation.
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Sto n B,3, Goup, B 2

-1 N J

01t I

Backtrackng omitted for clarity See process rrp in Appendix A for non-sinplified version

Personnel are assigned projects in Step 1and follow them for the duration, except for Step 5. Step 5 is
performed by a very srall goup of dedicated experts.

.79 Projects 8 Projects 4.53 Days

2.13 Projects 19 Projects 8.04 Days

259 Projects 15 Projects 5.54 Days

2 12 Projects

1 55 Projects

. Projects

0 74 Projects

12 Projects

9 Projects

S Projects

6 Projects

9.56 Days

4.88 Days

These results rnatch expectations fairly closely. Most steps have around 1 week of lag tirre, which is
expected. Steps 2 and 5 have alrmost 2 week wait tine3 and [bould be looked at further. Step 2'[llag i[
largely biology related; often, deterrnining what works for this step is trial and error, resulting in
relatively high backtracking and churning. Step 5, however, has an over-utilizEd (100%) subgroup.
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Looking a the Queues for Steps 2 and 5 tells us quite a bit. First, the sharp spikes characteristic of a

bottleneck are abfnt from Step 2. In addition, the number of project] in Step 2']queue is less than the

capacity virtually all the tirre. This supports the assertion that the longer wait tirres for Step 2 are not, in

fact, indicative of a bottleneck. The situation is markedly different for Step 5. First, Step 5 consistently

has a queue of roughly 2-3 times its capacity. Sharp spikes are evident, and the average queue size

(about 2 projects) is very dose to the step capacity of three projects. Utilization of the subgroup

responsible for step 5 is 1000% It is dear that Step 5 is a serious bottleneck.

rn - x

Effect of Extra Staffing on Step 5
' Current a +1 Person +2 People

25%
0

15%

'8
5%

43 12 16 20 24 28 32 30- 40 44 48 52 56 60 64 68 72 76 80 84

Months

The effects of adding additional staff at Step 5 are not quite as dear cut as for Group A. While there is a

rriassive improverrent in utilization with the addition of justonestaff mernber, and there isanobious

irnprovement with the addition of 2, there is an unusual dip at 12 rmonths for 1 additional staff member.
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Cumulative Effect of Extra Staffing on Step 5

8o
60%/l

(3~
4i-%

2O0%o

aCurrent a +1 Person 42 People

"S IF ~ ~

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84:

Months

From look rig at the curulative percent cornpete over tire, thing, becorre rmuch clearer. HaAng an
additional staff is indeed consistently benefidal, thoug a second staff menber initially produces even

better results. By rmonth 24, the benefit of a second staff renber is roughly equivalent to that of a first.

By nionth 44, any additional staff has no effect on percentage delivered. Therefore, an additional staff

menber is a good idea, but a second would have reduced effect and is likely unnecessary.

Nine TRLvaiations were tested, as shown in Figure 15.

Variations on Current
a'Current x Sightly Easier Sichtly Harder

15%

5%

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84<

Month

Group B2 reacts as expected to slilit variation in current Ths Easier TRLs result in faster project

cornpletion, while harderTRLs take longer. This isalso apparent for extrereTRLs.
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Extrerres

25%

~20%'/

15%

5%

0%

a Unform a Very Easy Very Hard

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

Month

Group B2'] proce[][]ilfar le[[[pnftive to eAreme TRL than other c-oupfi Thi[inbecau&, a~prevougly
mentioned, rroJ of Group B2'p]time conjraiCntlare biolog-based. Therefore, TRLvariation only effects
the outcomes of decision nodes.

Projected Futures
a Hard Future a Harder Future

0

m15%

Hardest Future

~10%--
5%/

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84s

Month

As expected, as project difficulty increases, so do deliery times. By rnonth 48, the nutber of projects

has agan equal ized.
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Curulative Harder Future and +1 Person

4.8 12 62 24 2 2 36 4 44 4 2 J6 60 64 1/2 -A 84

0% 8% 28/ 43% 54' 63% 71%/ 77% 81% 85% 8W1% 91% 93/ 95/ %% %% 97% 98% 98% 9W/100

0% 8% 28% 42/ 55% 64% 71% 7% A81% 84%687% 89% 91/ 93% 94% %/ 97% 97% 97% 98% 1%

0% 1% 30%' -44% 57/o 67 73/ /W% 83% 87% 89% 919 93. 95% 9V% 97% 97%94 98% 98% 9 ,10%

0% 10% A/a> 46% 570 / 669/ 73% 79; 83% 86% 9(% 90% 91% 93%' 95% 95% 96% 97% 97% 983100%

Months

It is dear that having an additional staff rrenber at Sep 5 for Group B2 woudd be benefidal in the

future. With an additional staff rnember, project delivery tirmes in the future would still be irproved

compared to the current situation. The improvem-ent between Harder Future and Harder future with an

additional staff rrenber hovers around 2%/) so while there is a dear irrproverment, it is not huge. The

best solution would be to cross-train additional staff to assist with this process. This occurs occasionally

with rrmters of Group C assisting when there is a large queue. Having this assistance occur as a

preventative measure, rather than after a queue arises, would be far more beneficial.
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Minor baktrackngonitted for danty See process rap in Appendix A for non-simplified version

Azpreviou[y tated, Group CT procqEliocydical rather than linear. Most projects are assigned to
individual team rerrbers; some team rnrEmbers work in pairs on twice the nunber of projects. Step 2 is
performed externally.

3 5 46 12.11 Days

2 _4 u25 7 y

L 21(25 4.49 Days

These results roughly match what is expected. It is definitely true that the longest wait tines are for
Step 1. In some ways this is an advantage, rather than an issue, as it allows projects that have
fragnented into subprojects at rrulti pie stages time to catch up. The accuracy of the Step 2 and Step 3
wait times is n-ore suspect, but given the lad<of available data it is acceptable. In order to determine
polible bottlened(]it ioneceJryto look at each 3ep'oqueuing.
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No obvioW]bottlened<[are evdent when looking at Group C[]queue(j Stepl consistently has queues

that are 80%of its capacity, and shows slight spiking, but nothing truly significant. In fact alrrost all high

queue counts in Group Care single points, some of which are significantly reduced irrmediately and

some of which reduce over a day or two. This indicAtes that they are the results of large amounts of (

entering simultaneously, rather than the gadual buildup of a queue whose following step cannot keep

up with the influx of new work. If there is a bottleneck, it is at Rep 1, but as previously noted this ny

not be a probern

Nine TRL variations were tested, as shown in Figure 15.
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Variations on Current
a Current a SigtlyEasier Sichtly Harder

2cr/%0

10%

t % i V i f (ON X Vi

~r-4 r-4Hr4r4 r4r4C r-4 PQ(J N(

Month

Variations on the current TRL produces very smdl variations in percent delivered each rnonth. This

sinrulation is far less dependent on TRL than the other simulations, sD this rmakes sense. The changes

therrselves are somewhat unexpected; both sliihtly easier and slightly harder TRs have nearly the

same effect on delivery tims, and current TRL assurrptions do not have results that fall between the

two. This sirrulation is built with minimal data to work with the current assumptions; it makes sense

that varying these assurrptions, even if only s ic'tly, would have unexpected results.

Extremes
w-Uniform a VeryEasy a VeryHard

20%/
CP/

15%

-fl
10%

5%

S0%

Month

Extrcme TfL variations are very illurninating for Group C as they rmagnify the differences hidden in by

srraller variations. The primary effect of TRL is how often a cycles throut Group C It makes sense,
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therefore, that an easy distribution would take less tire than a hard distribution. According to the
sirrulation, however, this is not the case. This may be the result of the assunption that the nurnber of

'] per project il independent of TPL and the general lack of TRL dependende in the [rtulation. This

causes the sirrulation to be accurate in only a narrow band of TRLs Clearly, rmore data is needed to

properly underfjjand Group COProce[l]

Projected Futures
n Hard Future a Harder Future

20%

15%

-5%

S0%

1ij~

Hardest Future

~. AA

Month

Projected future variations are slightly better behaved than the other variations; it is possible that the

sirulation is biased to be more accurate at harder TRLs. Projected future assumptions also have little
effect on project delivery times. Hardest Future delivers more projects in month 3, but the other two
variations catch up in rmonth 4. rrilar thinc occur between rmnths 5 and 6. In general, while the
sirrulation is fairly accurate for current TRL levels, it cannot acconTodate TRL variations without more

data
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Minor bad<tracding orritted for darity; See process map in AppendixA for non-sirnplified version
Group D'f[ proceJJ ]alrmF[ identical to Group Bll with an additional initial [Jep and [One latter
sirrplification. Additionally, there is a relatively large chance that a project will pass througi the entire
process 2-3 times.

These results rmatch expectations. As with Group BL there is a potential bottleneck at Step 4.1. There is
an additional large waittime for Step L, which is a result of the duration of Step 1(approximtrely2O
days) rather than the buildup of a queue. The wait time for step 2A is sirilarly misleading as that step
takes from 3-4 weeks to corrpete.
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The sirrilarities between Group B1 and Group Dare readily apparent in their queues. Like for Group B1,
all queues e)cept Step 4.1 show no sign of bottlenecking Sep 4.1 shows bottlenedcing tendencies
(spiking), but the queue never exceeds the step capacity. It therefor bears watching but is not an
irrrrediate issue

Nine TRLvariations wMere tested, as shown in Figure 15.
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Variations on Current
a Current :Sightly Easier w5ightly Harder

8 12 lb 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84s

Month

The testing of variations on current TPL levels generally rnatch epectations. Easier TRLs result in faster

delivery tires, while harderTRLs result in slower. The effect is magnified connpared to Group B1

because the probability that a project will cyde through Group Dmrultipletirnes isdependentonTRL

Extrenes
a Uniform a Very Easy Very Hard

35% .......

30/o

25% -
20%1/ J--------- ---- ----- .. ..- - ----
15% ... ..

10 %
t5%

0%EL a
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

Month

Like Group B, Group D has a bottleneck at Step 4.1 for easy projects. This results in the extremely easy

TRL distribution having eAremely long delivery times. Uniform distribution, having more easy projects,

is also affected by this bottleneck, makingextrermely hard distributions the easiest to deliver. However,

like for Group B, in reality this can be easily corrpensaed for by rmoving capacity (people) from Step

4.2 to Step 4.1.
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Projected Futures
w Hard Future v Harder Future Hardest Future

250% - - ------

0 2M%

15%

10% - - - - -

5%-

4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

Month

Smilar to Group BL early on ovrll more difficult futures result in longer delivery times. Around

months 12 to 24 rrore difficult futures ovrtake easier futures, due to the aforementioned easy

bottleneck at Sep 4.1. Like for Group Bi Rep 4.1 needs to be closely monitored to deternine if the

bottleneck is actually an issue.
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Grouip E

I

Onitsbacktrad<ingfor darity See Process rmap in Appendix A for non-sirrpified version

Group E is cornposed of two distinct subgroups, each of whom controls their own process The only

exception to this is Step 3.2, which while part of the lower process is performed by the goup

responsible for the upper process branch. These two goups, while part of the same sirnulation, will be
analyzed separately as they are nearly independent processes.

ok U11.14 Days

7~

While emp rical data on wait tirres does not exist for Group E, these values are reasonable matches for

anecdotal data. Steps 1. and 2.2 have the longest wait times, which is likely because they are the steps

with the longest duration. Additionally, the upper branch has much larger queues, reflecting the larger
quantity of projects it deals with.
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From this data, there is currently no dear bottleneck However, TPL analysis reveas that this will not
always be the case.

Nine TRLvariatiom were tested, as shown in Figure 15.
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Variations on Current-Upper Branch
sCurrent s 9igitly Easier Sicftly Harder
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80%

6%-

S4%

S2%

1 2 3 4 5 6 7 8 9 10 11 12 13

Week

14 15

As expected, easier projects take lesstire to cornpete while hard projectstake rore. The simulation is

fairly sensitive to TRL values, which reflects reality. This can also be seen in the eArenes corrparison.

Extremes-Upper Branch
a Uniform a Extrerrely Easy Extremrerrdy Hard
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....... .

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21S

Week

Analysis of the extrenes provides the expected results- projects for very easy TRLdistributions are

delivered quiddy, they are delivered much more slowly for hard projects, and a uniform distribution falls

somewhere between the two.
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Projected Futures-Upper Branch
a Harder Future Hardest Future

1 2 3 4 5 6 7 8 9 10 11 12

Week

13 14 15 16 17 18 19 20 21s

As projected futures increase in difficulty for the upper branch, so do delivrytirnes This is as e>pected,

as both step duration and decision points are heavily influenced by TPL lewIs for Group E

Variations on Current-Lower Branch
a Current a SigWy Easier Sictitly Harder
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For this graph, it is important to note that the y-axs scale is rruch srmller than for most other charts. As

a result, the apparently large changes from sight TPL variation are actually at a reasonable scale. ovwr
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branch delivery tirs do not hae the snrooth curve characteristic of rrost of the other groups; this is
due to the potential bypass of step 1.2. The hard distribution is clearly the least efficient. The current
distribution results in earlier deliveries for the first 6 weeks, after which the easy distribution quickly
overtakes the current distribution. This is, once again, due to the 2.1 bypass.

Extremes-Lower Branch
a Uniform a Extrerrdy Easy

- -7
-

A-r-i M ' UI) LIO 0 M , -

Extreniy Hard

Week

Looking at the extrerres confirrrs this distribution is characteristic of the lower branch. Extremdy easy
TRL setting result in much early project cornletion, but early on this effect is greatly reduced. Uniform
distribution, on the other hand, is essentially a double-peaked bell curve. The hardest TRLdistribution
results in much slower delivery times with early initial deliveries due to the bypass.
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Projected Futures-Lower Branch
a Hard Future a Harder Future Hardest Future
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Looking at the projected futures for the lower branch reveals a problem Even the easiest projected

future results in nearly 10%more projects delivered after 30 weeks than current TRL assumptions.
Df[ a(Jjon with Group E'olower branch [1jbgroup reveal that thioilan expected result. The only reason

that current TRL levels are not causing sinilar delays is through herculean efforts and extensive

overtirre work In order to arreliorate these future problems, the potential effect of adding additional

staff was analyzed.

Anl ys Exr o r n

Due to the unique characterilic[of TRL variation on Group E' proce[fi cunulative effectlare far rrore

informative.
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Cumulative Effect of Additional Staff for Lower Branch
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As expected, additional staff at current TRL levels decreases delivery tirres, but not by a huge amount.
This is because there is not currently a bottleneck Look ng at the effects of additional staff on the
projected future TRL tells a different story.

Cumulative Effect of Additional Staff and Harder Future
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When looking at the effect of additional staffing on projected future project cornrpetion, it first becomes
apparent that additional staff has very little effect on projects that are delivered early on. However, by
week twelve, there is an obvous benefit for each additional staff nerrxer. By week twenty-nine, a
single additional staff rrerrber provides a5%increase in nunber of projects delivered. Two provides a
6%increase. In other words, overall delivery times are reduced, and this is more apparent for projects
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that would take longer to develop. It is hithly reconmended that APEG hire at least one additional staff
rnnber for the lovwer branch.
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