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This electronic companion provides a full enumeration and detailed descriptions of the
business rules associated with the Program Executive Office Ground Combat Systems

portfolio. Following these business rules, we give a full description of CPAT’s mixed-integer
linear programming formulation, including all parameters, decision variables, expressions,
objective functions, and constraints.

Business Rules

This section is adapted from Melander et al. (2015).

Vehicle Flow

• Constant Vehicle Population: Each mission within a group maintains a constant
number of vehicles throughout the planning horizon.

• Group Purity: At any given time, the vehicles serving a particular mission within a
particular group must all be of the same vehicle type.

• Outflow Availability: For any year, the number of vehicles of a given type that are
upgraded or swapped out may not exceed the number currently exchangeable; that is,
the current number present minus the current number in the process of being upgraded.
This is true both in storage and in missions in the fleet.

• Initial Populations: Each mission has an initial population of vehicles that is already
in the fleet and is immediately available to begin modernization. Similarly, there may
be some vehicles already in storage; if so, these vehicles immediately available to begin
upgrading or swapping into missions.

• Storage Flow: Vehicles enter and exit storage via the following means: (1) purchases
put new vehicles directly into storage; (2) storage upgrades take one vehicle type
already in storage and turn it into another type; and (3) storage exchanges replace one
vehicle type in a mission with another from storage, sending the replaced vehicles to
storage.
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• No Upgrades Prior to Usage: Newly purchased vehicles in storage that have not
yet been sent to a mission should not be upgraded while in storage.

• Delivery Implies Fielding: A vehicle type can only be produced if some of these
vehicles are eventually fielded (i.e., taken from storage and placed into the fleet in a
specific mission role). An exception is made for vehicle types with zero cost, which are
sometimes used to collect different variants of a family of vehicles into one node prior
to a secondary upgrade (Figure 1) to reduce the number of upgrade paths when costs
do not depend on a vehicle’s prior history.
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Figure 1: Several vehicle types can be collected into one before upgrading.

• No Re-Fielding after Retirement: Vehicles that are retired from a mission to
storage cannot be immediately sent back into that same mission during the same year.

• One-Year Duty Minimum: Vehicles in a mission must remain for at least one year
before they can be swapped out or used for a mission upgrade. This prevents arbitrary
fielding and retiring of vehicles in the same year at no cost or performance degradation.

Priority Tiers and Optimization Phases

• Priority Tiers: Groups may be allocated to different priority tiers wherein each tier
comprises a separate optimization. Subsequent tiers are modernized separately using
the remaining budget and production capacity from previous tiers. All other business
rules must hold in toto across all tiers.

• Tier Phases: As we discuss in the main paper, each tier is comprised of schedule,
budget, performance, and cost phases.

• Mission Succession: One mission can be assigned to succeed another; then nothing
can be fielded to this mission until the preceding mission has (1) completely finished
fielding, and (2) modernized 100 percent of its original vehicles. This is typically used
to enforce programmatic succession for corresponding missions in different tiers.
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Modernization Characteristics

• Delay Partitioning: When purchasing or upgrading to a new vehicle, there is usually
a delay between paying for the new vehicle and its delivery. This delay is comprised
of a user-defined administrative delay (i.e., the vehicle has been paid for but is not yet
in production) and production delay (i.e., the vehicle is in production but is not yet
delivered).

• Upgrade Administrative Delays: For any upgrade having nonzero administrative
and production delays, the administrative period can begin even if the vehicle to be
upgraded is not yet on hand, but the vehicle must be on hand during the production
period. That is, upgrade paperwork can be started prior to actual production.

• Long Lead: Some vehicle types may have a long lead—a portion of their procurement
cost that is incurred one year before any administrative or production delay.

General Scheduling Rules

• Vehicle Modernization Requirements: Users may define that some percentage of
certain vehicle types in the initial fleet must be modernized by a specific time.

• Vehicle Mandates: Users may mandate that a minimum number of a particular
vehicle type be in a given mission during the final year.

• Per-Period Mission Modernization Limit: For a given mission role, there may a
limit to the number of groups that can modernized per period. This reflects program-
matic realities, and that not all brigades are concurrently available for modernization.

• Cumulative Mission Modernization Limit: Some COAs may require an upper
bound on the cumulative number modernized for some vehicle types that exist in the
initial fleet.

• Group Modernization Density: Missions may require that if a modernization oc-
curs, then it must occur for some number of groups. This reflects that the fleet is
partitioned (e.g., Active Army, National Guard) and commonality is important within
these partitions (e.g., either upgrade the entire Active Army, or the Active Army and
the National Guard). Requirements may be specified for up to three density levels,
with NGM representing number of groups modernized, as follows:

– {12,−,−} implies NGM = 0 or NGM ≥ 12.
– {12, 16,−} implies NGM = {0, 12} or NGM ≥ 16.
– {12, 16, 20} implies NGM = {0, 12, 16} or NGM ≥ 20.

• Group Final Density: This is analogous to group modernization density, but applies
to density in the final year rather than to a cumulative total.

• Vehicle Obviation: An obviated vehicle type can only be delivered prior to delivery
of any obviating vehicle types. This can be used to enforce program succession (e.g.,
ECP I must be complete before ECP II can start) or XOR behavior (i.e., if A and B
obviate each other, they can never be in the same modernization plan).

• Synchronization Sets: A collection of missions and vehicles may be required to
modernize or divest simultaneously; this collection is called a synchronization set. This
is used to respect integrality of families of vehicles for operational and logistics reasons.
For example, if mission M1 uses vehicle S1 and M2 uses S2, and these missions and
vehicles are part of a synchronization set, then the number of groups of S1 entering or
exiting M1 must equal the number of groups of S2 entering or exiting M2 for all years.

• Storage Consumption Priority: If multiple vehicles in storage can be upgraded to
the same vehicle type, a priority order can be enforced such that available vehicles of
one type must all be used before vehicles of another type can be used.

• Upgrades Trump Purchases: Some vehicles may be procured both via upgrade of
vehicles and via purchase of new vehicle copies. In such cases, users can specify that
purchases may only occur only once all vehicles used for upgrades have been exhausted.
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Product Families

• RDT&E Costs: For each product family, there may be an RDT&E cost, and vehicles
from the family can be delivered if and only if the RDT&E cost profile of the family
is incurred. It may be optimal to delay certain RDT&E costs to avoid budgetary
bottlenecks. For each year that RDT&E may be delayed, a separate cost profile must
be supplied. For family delay D ≥ 0, at least one vehicle type within that family must
have delay d = D and all others must meet d ≥ D.

• LRIP Profiles: LRIP profiles define fixed amounts of vehicles that must be pro-
duced in the years before full-rate production (FRP) begins, and how they should be
produced (purchased or upgraded from a certain vehicle in storage). Per user specifi-
cations, some portion of these vehicles may be delivered to storage, while others may
disappear (e.g., retained for training purposes or destructive testing).

• LRIP Timing: All LRIP profiles incurred by a product family must have final LRIP
delivery come exactly one year prior to the first FRP delivery for the family.

• Active Product Families: A product family is considered active during a year if any
member vehicles are (1) in administrative delay, (2) in production delay, or (3) being
delivered (in cases where the production delay is 0). This includes LRIP.

• Family Start-Up Costs: Each family may have an associated start-up cost profile,
with expenditures over multiple years. This profile is indexed to the year the family
first begins work for FRP.

• Family Per-Period Costs: Each product family may have an associated per-period
cost that must be incurred every year that the family is active.

• Family Per-Period Capacity: For each product family and year, there may be an
upper limit on the number of member vehicles delivered from FRP.

• Family Cumulative Capacity: For each product family, there may be an upper
limit on the cumulative number of member vehicles that are ever delivered from FRP.

• Production Ramp-Up: A family may have a ramp-up period prior to FRP. During
this ramp-up, delivery output must be be nondecreasing with time.

• Minimum Sustaining Rate: There may be a lower bound on the number of vehicles
delivered from a family in any year in which delivery occurs. This bound does not apply
to LRIP, ramp-up, or the final production period (to allow ramp-down).

• Delivery Gaps: Product families may be restricted so that they cannot start deliv-
ering vehicles, stop, and then subsequently restart; all vehicles within such a family
must be delivered during a set of contiguous years.

• Production Smoothing: For each product family, there may be a limit on the yearly
variation in number of vehicles delivered from FRP. This restriction does not apply to
LRIP, ramp-up, or the final production period (to allow ramp-down).

Budgets

• Per-Period Budgets: Budgets can be defined per year for Procurement, O&S, and
(or) RDT&E costs, and for a user-defined combination of the three.

• Cumulative Budgets: Cumulative budgets may also be defined in these categories.

• No Early or Late Modernization Charging: No modernization may occur so
early or late that any associated costs would be incurred outside the time horizon.
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Future Programs

Future programs represent potential modernization programs occurring so far in the future
that they do not warrant the full sophistication of the production modeling described above.
An extended time horizon can be defined, during which lower-detail decisions regarding
future programs are made according to the following business rules.

• Future Program Activation: Future vehicles are grouped together into future pro-
grams. If a future program is activated, at least one (or if user specified, all) of the
future vehicles associated with the program must be activated, and predefined start-up,
RDT&E, and recurring cost profiles are incurred.

• Future Vehicle Fielding: When a future vehicle is activated, systems are fielded
to the assigned mission (and LRIP is produced) according to a fixed, user-defined
schedule. Performance and per-vehicle costs (purchase, upgrade, and O&S) work the
same as their conventional vehicle counterparts.

• Future Obviates Present: Once a future vehicle starts fielding to a mission, no
other nonfuture vehicles may be fielded to that mission.

Mixed-Integer Linear Programming Formulation

The MILP formulation used by CPAT has the following components. This section has been
adapted from Henry et al. 2015.

Indices

i, j = vehicles.
m = missions.
t = years.
p = product families.
d = years delayed for RDT&E.
s = synchronization sets.
F = future programs.
J = future vehicles.
f ∈ {Proc,OS,RDTE,Comb} = budget fund types.
π ∈ {Sched,Budg,Perf,Cost} = optimization phases.

Sets

TIERHigher = the set of missions that have already been optimized.
TIERCurrent = the set of missions that are currently being optimized.
TIERLower = the set of missions that will be optimized subsequently.
MS = the set (m∗,m) where mission m occurs in succession after mission m∗.
IR = the set (i,m) where vehicle i serves mission m as an interim (not initial or final) vehicle.
SO = the set (i, j) where vehicle i obviates vehicle j.
SMs = the set of missions m is sync set s.
SVs = the set of vehicles i is sync set s.
SPP = the vehicle pairs (i, j) such that i and j can both be upgraded to the same vehicle
type, and in performing these upgrades all vehicles of type i must be depleted from storage
before j can be used.
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UBP = the vehicles i that must be depleted from storage before any purchases (of those
types) can be made.
MDLm = allowable number of brigades for missionm required to modernize, if modernization
occurs.
FDLm = allowable number of brigades in mission m required at the final conventional year,
if modernization occurs.
PFp = the set of vehicles i in product family p.
PFG = the set of product families p that allow delivery gaps.
ADp = the set of delays d for which a family p has defined RDT&E profiles.
FPF = the set of future vehicles J in future program F .
ALL = the set of future programs F which must field all associated vehicles when activated.
MF = the set of future vehicles J that are mandated to be fielded.

Fleet Structure Parameters

Ai,m = performance of vehicle i in mission m.
BPMm = number of brigades in mission m.
V PBm = number of vehicles in a brigade in mission m.
IBi,m = initial number of brigades of vehicle i in mission m.
IVi,m = initial number of vehicles of type i in mission m.
IV Si = initial number of vehicles of type i in storage.
PBSi = size of a purchase batch for vehicle i.
TVP = the total number of vehicles in all missions.
M = an upper bound for a big-M constraints, customized as appropriate for that constraint.

Scheduling Parameters

T = the last year in the conventional time horizon.
T = the last year in the extended time horizon, where T ≥ T .
FAi = the year in which vehicle i first becomes available to field to a mission.
PPTi = number of years vehicle i is in production when purchased.
PTi = number of years between when vehicle i is purchased and when it is delivered.
UPTi,j = number of years vehicle i is in production when being upgraded to j.
UTi,j = number of years between when vehicle i begins upgrading and when j is delivered.
LPTp,i = number of years LRIP vehicle i is in production for family p.
LTp,i = number of years between when LRIP vehicle i for family p is payed for and when
delivered.
MLP = the maximum number of LRIP years for all families.
MPi,m,t = minimum percent of vehicles i in mission m that must be modernized by year t.
FMi,m = minimum mandated number of vehicles i in m at the final conventional year.
BMLYm = maximum yearly number of brigades that can be modernized in mission m.
BMLCm = maximum cumulative number of brigades that can be modernized in mission m.

Product Family Parameters

DMAXp,t = maximum delivery capacity of product family p in year t.
DMINp = minimum allowable delivery amount of product family p, if active.
DCMAXp = maximum cumulative delivery capacity of product family p.
DVARp = maximum yearly delivery variance allowed for product family p.
RUp = number of years that the family p take to ramp up to full production.
PLRIPp,i,t = number of vehicles i produced for family p at t years before FRP.
DLRIPp,i,t = number of vehicles i delivered to family p at t years before FRP.
SLRIPp,i = index of the vehicle consumed when family p produces LRIP vehicle i.
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Cost and Budget Parameters

CV Pi = cost of purchasing one vehicle of type i.
CV Ui,j = cost of upgrading one vehicle from i to j.
CV Lp,i = cost of getting one LRIP vehicle of type i for family p.
CV Oi,m = cost of operating and sustaining one vehicle of type i in mission m for one year.
CPSp,t = start-up cost for family p during its tth year of activity.
CPAp = cost of keeping product family p active for one year.
CPRp,d,t = RDT&E cost for product family p in year t when delayed by d years.
LLi = long lead fraction of CV Pi charged one year prior to purchasing vehicle i.
LLi,j = long lead fraction of CV Ui,j charged one year prior to upgrading vehicle i to j.
LLp,i = long lead fraction of CV Lp,i charged one year prior to LRIP vehicle i in family p.
Bf,t = budget of fund type f in year t.
BCf = cumulative budget of fund type f .
If = a binary flag indicating if fund f is included in the combined budget.
IPf = a binary flag indicating if fund f is included in the cost phase minimization.

Future-Program Parameters

MJ = the single mission m to which future vehicle J can be fielded.
FFPJ ,t = number of brigades of J fielded in year t, if the future vehicle is activated.
FAJ = the year in which future vehicle J first fields.
CV Ti,J ,m = cost of modernizing one vehicle from i to future vehicle J in mission m.
CV OJ = cost of operating and sustaining one future vehicle of type J for one year.
CV LJ = cost of getting one LRIP future vehicle of type J .
LLi,J ,m = long lead fraction of CV Ti,J ,m charged a year prior to modernizing i to J in m.
LLJ = long lead fraction of CV LJ charged a year prior to getting future LRIP J .
CPSF ,t = start-up cost for future program F in year t.
CPAF ,t = active cost for future program F in year t.
CPRF ,t = RDT&E cost for future program F in year t.
FTi,J ,m = number of years taken to replace i with future vehicle J in m.
FTJ = number of years taken to get future LRIP vehicle J .
PLRIPF ,t = number of LRIP vehicles produced for future program F in year t.

Integer Variables

ui,j,m,t = number of brigades upgraded from vehicle i to vehicle j in mission m in year t.
ui,j,t = number of vehicles in storage upgraded from vehicle i to vehicle j in year t.
si,j,m,t = number of brigades swapped from vehicle i to vehicle j in mission m in year t.
pi,t = number of batches purchased of vehicle i in year t.
ri,J ,m,t = number of brigades of i replaced by future vehicle J in mission m in year t.
di,m,t = number of deficit vehicles for the modernization requirement, MPi,m,t.
di,m = number of deficit brigades for the end-of-conventional-horizon mandate, FMi,m.
dJ = number of deficit brigades for the mandated future vehicle J .

Binary Indicator Variables

b1
i,m,` flags if mission m ever has ` ∈MDLm brigades of vehicle i.

b2
i,m,` flags if mission m has ` ∈ FDLm brigades of vehicle i at the last conventional year.
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b3
i,t flags if at least 1 vehicle of type i is delivered in year t.

b4
i,t flags if there is at least 1 vehicle of type i exchangeable in storage in year t.

b5
p,i,t flags if family p first delivers non-LRIP vehicle i in year t.

b6
p,t flags if product family p is active in year t.

b7
p,t flags if product family p first becomes active in year t.

b8
m,t flags if mission m is allowed to field in year t.

b9
i,m,t flags if intermediate vehicles i in mission m are allowed to field in year t.

b10
F flags if future program F is activated.
b11
J flags if future vehicle J is activated.
b12
J flags if mandated future vehicle J does not field.
b13
J ,m,` flags if mission m ever has ` ∈MDLm brigades of future vehicle J .

b14
J ,m,` flags if mission m has ` ∈ FDLm brigades of future vehicle J in the last future year.

b15
i flags if vehicle i is ever delivered.
b16
p,t flags if any vehicle from family p is delivered in year t.

b17
p,t flags if non-LRIP delivery begins for family p in year t.

b18
p,d flags if family p is delayed by d years.

Continuous Variables

of,t = the dollar overage of the fund type f budget in year t.
of = the dollar overage of the cumulative budget for fund type f .
δp = the median delivery level for family p.

Variable Expressions

objπ = the objective function for phase π of the optimization run.
exf,t = expense of fund type f in year t because of conventional vehicles.
fexf,t = expense of fund type f in year t because of future vehicles.
nbimi,m,t = number of brigades of vehicle i in mission m in year t.
nvldp,i,t = number of vehicles i delivered from family p LRIP in year t.
nvlsci,t = number of seed vehicles i consumed by all LRIP profiles in year t.
nvlai,t = number of vehicles i active because of LRIP in year t.
nvisi,t = number of vehicles i in storage in year t.
nvipi,t = number of vehicles i in production in year t.
nviai,t = number of non-LRIP vehicles i in administration periods in year t.
nvdi,t = number of vehicles i delivered in year t.
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Optimization Phases

The notation obj∗f represents the optimal value of objective function objf from a preceding
optimization phase.

1) Schedule violations
min objSched

s.t. x ∈ Ω

2) Budget violations
min 0.00001 ∗ objBudg

s.t. objSched ≤ obj∗Sched + 0.001
x ∈ Ω

3) Fleet performance
max objPerf

s.t. objBudg ≤ obj∗Budg + 0.001
objSched ≤ obj∗Sched + 0.001
x ∈ Ω

4) Fleet cost
min 0.00001 ∗ objCost

s.t. objPerf ≥ obj∗Perf − 0.001
objBudg ≤ obj∗Budg + 0.001
objSched ≤ obj∗Sched + 0.001
x ∈ Ω

General MILP Constraints x ∈ Ω

• objSched = ∑
i,m,t:

m∈TIERCurrent
t≤T

di,m,t +
∑
i,m:

m∈TIERCurrent

di,m +
∑
J

dJ (1)

• objBudg = ∑
t

(opt + oot + ort + oct) + op + oo + or + oc (2)

• objPerf =∑
i,m,t

Ai,m · V PBm · nbimi,m,t +
∑
i,J ,m,t

AJ ,m · V PBm · (T − t+ 1) · ri,J ,m,t (3)

• objCost = ∑
f,t:

f 6=Comb
t≤T

IPf · exf,t +
∑
f,t:

f 6=Comb
t≤T

IPf · fexf,t (4)
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• exProc,t = ∑
i

(PBSi · (LLi · CV Pi · pi,t+PTi+1 + (1− LLi) · CV Pi · pi,t+PTi))

+
∑
i,j,m

(V PBm · (LLi,j · CV Ui,j · ui,j,m,t+UTi,j+1 + (1− LLi,j) · CV Ui,j · ui,j,m,t+UT3i,j))

+
∑
i,j

(LLi,j · CV Ui,j · ui,j,t+UTi,j+1 + (1− LLi,j) · CV Ui,j · ui,j,t+UTi,j)

+
∑
p,i,t∗:

t+t∗+LTp,i+1≤T

PLRIPp,i,t∗ · LLp,i · CV Lp,i · b5
p,i,t+t∗+LTp,i+1

+
∑
p,i,t∗:

t+t∗+LTp,i+1≤T

PLRIPp,i,t∗ · (1− LLp,i) · CV Lp,i · b5
p,i,t+t∗+LTp,i

+
∑
p

b6
p,t · CPAp +

∑
p,t∗:
t∗≤T

b7
p,t∗ · CPSp,t−t∗

∀t ≤ T (5)

• fexProc,t = ∑
i,J ,m

V PBm · LLi,J ,m · CV Ti,J ,m · ri,J ,m,t+FTi,J ,m+1

+
∑
i,J ,m

V PBm · (1− LLi,J ,m) · CV Ti,J ,m · ri,J ,m,t+FTi,J ,m

+
∑
F

(CPSF ,t + CPAF ,t) · b10
F

+
∑
J

(PLRIPF ,t+FTJ+1
· LLJ + PLRIPF ,t+FTJ · (1− LLJ )) · CV LJ · b11

J

∀t ≤ T (6)

• exOS,t = ∑
i,m

CV Oi,m · V PBm · nbimi,m,t ∀t ≤ T (7)

• fexOS,t = ∑
i,J ,m,t∗:
t∗≤t

V PBm · CV OJ · ri,J ,m,t∗

+


0 t ≤ T

exOS,T −
∑

i,J ,m,t∗:
T<t∗≤t

V PBm · CV Oi,m · ri,J ,m,t∗ T < t ≤ T

∀t ≤ T (8)
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• exRDTE,t = ∑
p,d

CPRp,d,t · b18
p,d ∀t ≤ T (9)

• fexRDTE,t = ∑
F

CPRF ,t · b10
F ∀t ≤ T (10)

• exComb,t = ∑
f :

f 6=Comb

If · exf,t ∀t ≤ T (11)

• fexComb,t = ∑
f :

f 6=Comb

If · fexf,t ∀t ≤ T (12)

• nbimi,m,t =

IBi,m +
∑
j,t∗:
t∗≤t

(sj,i,m,t∗ + uj,i,m,t∗ − si,j,m,t∗ − ui,j,m,t∗)−
∑
J ,t∗:
t∗≤t

ri,J ,m,t∗

∀i,m, t (13)

• nvldp,i,t = ∑
t∗≤min(MLY,T−t)

DLRIPp,i,t∗ · b5
p,i,t+t∗ ∀p, i, t ≤ T (14)

• nvlsci,t = ∑
p,j,t∗:

SLRIPp,j=i
t∗≤min(MLY,T−t−LPTp,j)

PLRIPp,j,t∗ · b5
p,j,t+t∗+LPTp,j

∀i, t ≤ T (15)

• nvlai,t = ∑
p,t∗,t∗∗:
t∗≤MLY

t+t∗−βp,i<t∗∗≤t+t∗+LTp,i

PLRIPp,i,t∗ · b5
p,i,t∗∗ ∀i, t ≤ T (16)
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• nvisi,t =

IV Si +
∑
t∗≤t

(PBSi · pi,t∗ − nvlsci,t∗) +
∑
j,t∗:
t∗≤t

(uj,i,t∗ − ui,j,t∗)

+
∑
p,t∗:
t∗≤t

nvldp,i,t∗ +
∑
j,m,t∗:
t∗≤t

V PBm · (si,j,m,t∗ − sj,i,m,t∗) +
∑
J ,m,t∗:
t∗≤t

V PBm · ri,J ,m,t∗

∀i, t ≤ T (17)

• nvipi,t = 
PBSi · pi,t if PPTi = 0∑

t<t∗≤t+PPTi

PBSi · pi,t∗ if PPTi > 0

+


∑
j,m

V PBm · uj,i,m,t if UPTj,i = 0∑
j,m,t∗:

t<t∗≤t+UPTj,i

V PBm · uj,i,m,t∗ if UPTj,i > 0 +


∑
j

uj,i,t if UPTj,i = 0∑
j,t∗:

t<t∗≤t+UPTj,i

uj,i,t∗ if UPTj,i > 0

∀i, t ≤ T (18)

• nviai,t = ∑
t+PPTi<t

∗≤t+PTi

PBSi · pi,t∗ +
∑
j,t∗:

t+UPTj,i<t
∗≤t+UTj,i

uj,i,t∗ +
∑
j,m,t∗:

t+UPTj,i<t
∗≤t+UTj,i

V PBm · uj,i,m,t∗

∀i, t ≤ T (19)

• nvdi,t =

PBSi · pi,t +
∑
j

uj,i,t +
∑
j,m

V PBm · uj,i,m,t ∀i, t ≤ T (20)

• Priority Tiers constraints:

ui,j,m,t = 0 ∀i, j,m ∈ TIERLower, t ≤ T (21)

si,j,m,t = 0 ∀i, j,m ∈ TIERLower, t ≤ T (22)

di,m,t = 0 ∀i,m ∈ TIERLower, t (23)

di,m = 0 ∀i,m ∈ TIERLower (24)

ui,j,m,t = u∗i,j,m,t ∀i, j,m ∈ TIERHigher, t ≤ T (25)

si,j,m,t = s∗i,j,m,t ∀i, j,m ∈ TIERHigher, t ≤ T (26)

di,m,t = d∗i,m,t ∀i,m ∈ TIERHigher, t (27)

di,m = d∗i,m ∀i,m ∈ TIERHigher (28)
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• Mission Succession constraints:∑
i,j

(si,j,m,t + ui,j,m,t) ≤ max
m

(BMLYm) · b8
m,t ∀m, t ≤ T (29)

1− b8
m,t ≤

∑
i,m∗:

(m∗,m)∈MS
IBi,m∗>0

nbimi,m∗,t +
∑

i,j,m∗,t∗:
(m∗,m)∈MS
t≤t∗≤T

(si,j,m∗,t∗ + ui,j,m∗,t∗) ≤M · (1− b8
m,t)

∀m, t ≤ T (30)

• Outflow Availability constraints:

nvisi,t −
∑
j,t∗:

t<t∗≤t+UPTi,j

ui,j,t∗ ≥ 0 ∀i, t ≤ T (31)

V PBm ·

nbimi,m,t −
∑
j

(uj,i,m,t + sj,i,m,t)−
∑
j,t∗:

t<t∗≤t+UPTi,j

ui,j,m,t∗

 ≥ 0

∀i,m, t ≤ T (32)∑
J ,t:
t≤T

ri,J ,m,t ≤ nbimi,m,T ∀i,m (33)

∑
J

ri,J ,m,t ≤ nbimi,m,t−1 ∀i,m, 1 < t ≤ T (34)

• No Upgrades Prior to Usage constraints:∑
j,t∗:

t∗≤t+UPTi,j

ui,j,t∗ ≤ IV Si +
∑
j,m,t∗:
t∗≤t

V PBm · si,j,m,t∗ +
∑
j,t∗:
t∗≤t

uj,i,t∗ +
∑
J ,m,t∗:
t∗≤t

V PBm · ri,J ,m,t∗

∀i, t ≤ T (35)

• No Re-Fielding after Retirement constraints:

BMLYm · b9
i,m,t ≥

∑
j

sj,i,m,t ∀(i,m) ∈ IR, t ≤ T (36)

BMLYm · (1− b9
i,m,t) ≥

∑
j

si,j,m,t ∀(i,m) ∈ IR, t ≤ T (37)
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• No Early or Late Modernization Charging constraints:

pi,t = 0 ∀i, t ≤
{
PTi + 1 if LLi > 0
PTi if LLi = 0

(38)

ui,j,m,t = 0 ∀i, j,m, t ≤
{
UTi,j + 1 if LLi,j > 0
UTi,j if LLi,j = 0

(39)

ui,j,t = 0 ∀i, j, t ≤
{
UTi,j + 1 if LLi,j > 0
UTi,j if LLi,j = 0

(40){
b5
p,i,t = 0 if LLp,i = 0

b5
p,i,t + b5

p,i,t+1 = 0 if LLp,i > 0
∀p, i, t | PLRIPp,i,t > 0 (41)

b7
p,t = 0 ∀p, t ≤ T |

∑
t≤t∗<T

CPSp,−t∗ > 0 or
∑

T−t<t∗<T

CPSp,t∗ > 0 (42)

• Vehicle Modernization Requirements constraints:

V PBm ·

∑
j,t∗:
t∗≤t

(ui,j,m,t∗ + si,j,m,t∗) +
∑
J ,t∗:
t∗≤t

ri,J ,m,t∗

+ di,m,t ≥MPi,m,t · IVi,m

∀i,m ∈ TIERCurrent, t (43)

• Per-Period and Cumulative Mission Modernization Limit constraints:∑
i,j

(ui,j,m,t + si,j,m,t) ≤ BMLYm ∀m ∈ TIERCurrent, t ≤ T (44)∑
i,j,t:

IVi,m>0
t≤T

(ui,j,m,t + si,j,m,t) +
∑
i,J ,t:
t≤T

ri,J ,m,t ≤ BMLCm ∀m ∈ TIERCurrent (45)

• Vehicle Mandates constraints:

V PBm · (nbimi,m,T + di,m) ≥ FMi,m ∀i,m ∈ TIERCurrent (46)

• Vehicle Obviation constraints:

b3
j,t <= 1− b3

i,t∗ ∀(i, j) ∈ SO, t, t∗ ≤ t ≤ T (47)

• Synchronization Sets constraints:∑
i∈SVs

nbimi,m,t =
∑
i∈SVs

nbimi,m∗,t ∀s,m ∈ SMs,m
∗ ∈ SMs, t ≤ T | m 6= m∗

(48)
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• Storage Consumption Priority constraints:

b4
i,t ≤ nvisi,t −

∑
j,t∗:

t<t∗≤t+UPTi,j

ui,j,t∗ ≤ TVP · b4
i,t ∀i, t ≤ T | ∃(i, j) ∈ SPP (49)

∑
j,j∗:

(i,j)∈SPP
t+UPTj,j∗≤T

uj,j∗,t+UPTj,j∗ ≤ TVP 2 · (1− b4
i,t) ∀i, t ≤ T | ∃(i, j) ∈ SPP (50)

• Upgrades Trump Purchases constraints:

b4
i,t ≤ nvisi,t −

∑
j,t∗:

t<t∗≤t+UPTi,j

ui,j,t∗ ≤ TVP · b4
i,t ∀i ∈ UBP, t ≤ T (51)

∑
j:

t+PPTj≤T

pj,t+PPTj ≤ TVP · (1− b4
i,t) ∀i ∈ UBP, t ≤ T (52)

• Per-Period and Cumulative Budgets constraints:

exf,t + fexf,t ≤ Bf,t + of,t ∀f, t ≤ T (53)

fexf,t ≤ Bf,t + of,t ∀f, t ∈ {T + 1, . . . , T } (54)∑
t≤T

exf,t +
∑
t≤T

fexf,t ≤ Bf + of ∀f (55)

• Group Modernization Density constraints:∑
`∈MDLm

` · b1
i,m,` ≤

∑
j,t:
t≤T

(uj,i,m,t + sj,i,m,t) ≤
∑

`∈MDLm:
`<max(MDLm)

` · b1
i,m,` +BPMm · b1

i,m,max(MDLm)

∀i,m (56)∑
`∈MDLm

b1
i,m,` ≤ 1 ∀i,m (57)

• Group Final Density constraints:

nbimi,m,T ≥ (b2
i,m,` +

∑
`∗∈MDLm

`∗ · b1
i,m,`∗ − 1) · `

−

{ (∑
j,t(ui,j,m,t + si,j,m,t) +

∑
J ,t ri,J ,m,t

)
· ` if ` = max(FDLm)

0 otherwise

∀i,m, ` ∈ FDLm (58)

nbimi,m,T ≤
∑

`∈FDLm:
`<max(FDLm)

` · b2
i,m,` +BPMm · b2

i,m,max(FDLm) ∀i,m (59)

∑
`∈FDLm

b2
i,m,` ≤ 1 ∀i,m (60)
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• Delivery Implies Fielding constraints:

b3
i,t ≤ nvdi,t ≤ TVP · b3

i,t ∀i, t ≤ T (61)∑
j,m,t∗:
t∗≤T

(uj,i,m,t∗ + sj,i,m,t∗) ≥ b3
i,t ∀i, t ≤ T | CV Uj,i > 0 for some j (62)

• Active Product Families and Family Per-Period Costs constraints:

b6
p,t ≤

∑
i∈PFp

(nvipi,t + nviai,t + nvlai,t) ≤M · TVP · b6
p,t ∀p, t ≤ T (63)

• Family Start-Up Costs constraints:

b7
p,t ≤

∑
i∈PFp

(nvipi,t + nviai,t) ≤ TVP ·
∑
t∗≤t

b7
p,t∗ ∀p, t ≤ T (64)

∑
t≤T

b7
p,t ≤ 1 ∀p (65)

• LRIP Timing constraints:

b15
i ≥ b3

i,t ∀i, t ≤ T (66)

b15
i ≤

∑
t≤T

b3
i,t ∀i (67)

b17
p,t ≤

∑
i∈PFp

b3
i,t ∀p, t ≤ T (68)

∑
t∗≤t

b17
p,t∗ ≥ b3

i,t ∀p, i ∈ PFp, t ≤ T (69)∑
t≤T

b17
p,t ≤ 1 ∀p (70)

b15
i + b17

p,t − 1 ≤ b5
p,i,t ≤

b15
i

b17
p,t

∀p, i, t ≤ T (71)

• Delivery Gaps constraints:

b16
p,t − b16

p,t−1 + b16
p,t∗ ≤ 1 ∀p ∈ PFG, t, t∗ | t∗ + 1 < t ≤ T (72)

• Family Per-Period Capacity and Family Cumulative Capacity constraints:∑
i∈PFp

nvdi,t ≤ DMAXp,t ∀p, t ≤ T (73)

∑
i,t:

i∈PFp

t≤T

nvdi,t ≤ DCMAXp ∀p (74)
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• Minimum Sustaining Rate constraints:

b16
p,t ≤

∑
i∈PFp

b3
i,t ∀p, t ≤ T (75)

b16
p,t ≥ b3

i,t ∀p, i ∈ PFp, t ≤ T (76)∑
i∈PFp

nvdi,t ≥ DMINp · b16
p,t − TVP · (1− b16

p,t+1) ∀p, t < T (77)

• RDT&E Costs constraints:

b18
p,d ≤

∑
i∈PFp:

FAi+d≤T

b3
i,FAi+d

∀p, d (78)

∑
d∗≤d

b18
p,d∗ ≥ b3

i,FAi+d
∀p, i ∈ PFp | FAi + d ≤ T (79)∑

d

b18
p,d ≤ 1 ∀p (80)∑

d/∈ADp

b18
p,d = 0 ∀p (81)

• Production Smoothing constraints:∑
i∈PFp

nvdi,t ≤
(

1 +
1

2
·DVARp

)
· δp ∀p, t | DVARp ≥ 0 and RUp < t ≤ T (82)

∑
i∈PFp

nvdi,t ≥
(

1− 1

2
·DVARp

)
· δp − TVP ·

 ∑
0≤t∗≤RUp

(1− b16
p,t−t∗)− (1− b16

p,t+1)


∀p, t | DVARp ≥ 0 and RUp < t < T − 1 (83)

• Production Ramp-up constraints:∑
i∈PFp

(nvdi,t − nvdi,t−1) ≥ −TVP ·
(

1− b16
p,t +

{
0 if t ≤ RUp + 1

b16
p,t−RUp−1 if t > RUp + 1

)
∀p, t | DVARp ≥ 0 and RUp > 0 and 1 < t ≤ T (84)

• Future Program Activation constraints:

b10
F ≤

∑
J∈FPF

b11
J ≤M · b10

F ∀F (85)

b10
F ≤ b11

J ∀F ∈ ALL,J ∈ FPF (86)
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• Future Vehicle Fielding constraints:

b11
J ≤

∑
i,m,t

ri,J ,m,t ≤M · b11
J ∀J (87)∑

i,m

ri,J ,m,t = b11
J · FFPJ ,t ∀J , t (88)

dJ =
∑
t

FFPJ ,t · b12
J ∀J (89)

b11
J + b12

J = 1 ∀J ∈MF (90)

• Future Obviates Present constraints:∑
i,j,t:

FAJ≤t

si,j,m,t ≤M · (1− b11
J ) ∀J ,m = MJ (91)

∑
i,j,t:

FAJ≤t

ui,j,m,t ≤M · (1− b11
J ) ∀J ,m = MJ (92)

• Future Group Modernization Density constraints:∑
i,t

ri,J ,m,t ≥ ` · (b11
J + b13

J ,m,` − 1) ∀J ,m = MJ , ` ∈MDLm (93)∑
i,t

ri,J ,m,t ≤
∑

`∈MDLm:
`<max(MDLm)

` · b13
J ,m,` +BPMm · b13

J ,m,max(MDLm) ∀J ,m = MJ (94)

∑
`∈MDLm

b13
J ,m,` ≤ 1 ∀J ,m = MJ (95)

• Future Group Final Density constraints:∑
i,t

ri,J ,m,t ≥ ` · (b11
J + b14

J ,m,` − 1) ∀J ,m = MJ , ` ∈ FDLm (96)∑
i,t

ri,J ,m,t ≤
∑

`∈FDLm:
`<max(FDLm)

` · b14
J ,m,` +BPMM · b14

J ,m,max(FDLm) ∀J ,m = MJ (97)

∑
`∈FDLm

b14
J ,m,` ≤ 1 ∀J ,m = MJ (98)
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