Supplementary Material
Risk curves in enterprise risk management: linking performance targets to risk responses
This supplement provides the fixed-coefficient specification, derivations, complete numerical inputs and implementation record for the article. All coefficients are constants within a defined strategy and response regime. Performance enters through resource demand and the explicitly specified exposure functions. The numerical work consists of analytical calculations, deterministic checks and a three-resource, two-output activity example. Sections S11–S18 provide the general decision formulation, marginal costs, alternative technology, input documentation, supplementary decision comparisons and lexicographic implementation. Coefficients remain fixed within every regime, including each sensitivity scenario.
S1. Scope and terminology
This supplement develops the analytical and computational basis of the article. The two-factor specification and the activity example are separate hypothetical applications of the same decision formulation. Every numerical price, coefficient, response effect and resource limit is stipulated unless explicitly described as a derived quantity. The constructed ledger illustrates arithmetic; it does not convert stipulated inputs into observations.
COSO supplies the objective-centred terminology of Risk Profile, Risk Appetite, Performance Target, Tolerance, Risk Responses and Portfolio View (COSO, 2017a; 2017b). The exposure model and financial decision rule are the authors’ analytical specification. The interpretation is expected retained monetary loss per unit of exposure. No ordinal heat-map score is converted into currency. An appetite crossing is a policy-specific financial boundary, not an automatically determined Tolerance.
Sections S2–S7 give the analytical examples and the portfolio calculation; S8–S9 provide an application record. S11–S12 set out the general formulation and marginal-cost conditions. S13–S14 specify the multi-output model and its input basis. S15–S17 report objective, pricing, effectiveness, selected-plan and resource-scarcity comparisons. S18 specifies the implementation, including secondary optimisation and reproducibility checks. This technical arrangement supports the sequence of decisions in the main article.
Standard production, activity-analysis and optimisation results are attributed to Varian (2010), Dantzig (1963) and Boyd and Vandenberghe (2004). The paper’s contribution is their documented use for the financial appraisal of a performance commitment within ERM. Nocco and Stulz (2006), Gleißner and Berger (2024), Aven (2004, 2010), Donnelly et al (2012), Crawford and Jabbour (2024) and Marc et al (2023) provide the wider decision, governance and communication context.
Notation used in the Supplement.
	Symbol
	Meaning

	q; s; π
	Output per period; assessed regime; resource policy

	K, L; r, w
	Equipment exposure, labour hours; corresponding unit prices

	κᵢₛ; a, b
	Fixed expected retained loss per exposure unit; two-factor coefficients

	A; B
	Expected-loss criterion; expenditure budget

	γ; δ; η
	Fixed coefficients of joint, throughput and inverse-exposure consequences

	AE; R0
	Entity expected-loss criterion; distinct central consequence

	y; x; Xₛ(y)
	Output vector; operating decisions; regime-specific feasible set

	Vₛ; V; λ
	Branch minimum expenditure; joint minimum; loss-constraint multiplier

	D; Q; E
	Resource recipe matrix; output matrix; energy exposure in S13


S2. Exposure accounting and the reference policy
S2.1. Fixed coefficients and distinct consequences
For an assessed regime s and operating policy π, the financial measure is
	
	(S1)


The coefficient κᵢₛ has monetary units per exposure unit; eᵢₛ is the amount of that exposure over the assessment period. The regime fixes technology, prices, existing measures and contractual retention. At differentiable points of the exposure path,
	
	(S2)


There is no coefficient-derivative term. This equality expresses the central modelling assumption, not an empirical test of it. A coefficient may be estimated from comparable records or supplied through a separately justified assessment. For example, an appropriate frequency–severity model can give expected loss per exposure unit as event frequency per exposure unit multiplied by mean financial severity. A common time horizon and a clear definition of exposure are essential. Section S14 supplies the estimator, its assumptions and a constructed input record.
A risk response can change resource quantities, the assessment regime, or both. A specified insurance recovery changes retained loss per unit, while its premium changes expenditure. Its effective coefficient is then held fixed over the relevant contract’s performance range. It is not adjusted a second time for that performance. All additional consequences, such as uninsured interruption, must be included explicitly rather than assumed to disappear with insured repair expense.
Expected values add for distinct consequences even when events share causes. Non-additive tail measures require a joint distribution. The present monetary sum is not a general representation of every severe, strategic or non-financial risk in COSO’s broader assessment.
S2.2. Conditional factor demands
For q = T K^α L^β, with positive T, α, β, r and w, minimise rK + wL at exact output. Set ν = α + β and h = αw/(βr). Tangency gives K/L = h; substituting into production yields
	
	(S3)


With fixed coefficients and no additional exposure terms,
	
	(S4)


Thus a nonlinear risk–performance relationship can arise from the production mapping alone. In the constant-returns benchmark α = β = 1/2 and T = 10, input demands are proportional to q, giving a linear reference profile. The price-taking cost calculation is a conditional plan comparison; it does not require a claim that every real firm always achieves this optimum (Varian, 2010).
For r = 5, w = 20, κK = 2 and κL = 7, K = 0.2q, L = 0.05q, C = 2q and R = 0.75q. Table S1 shows the constant coefficients’ exposure contributions.
Table S1. Reference-policy exposure and expected loss. Coefficients are 2 and 7 at every output.
	Output
	K
	L
	Equipment €
	Labour €
	Total €

	500
	100.0
	25.0
	200.00
	175.00
	375.00

	1,000
	200.0
	50.0
	400.00
	350.00
	750.00

	1,300
	260.0
	65.0
	520.00
	455.00
	975.00

	1,500
	300.0
	75.0
	600.00
	525.00
	1,125.00

	2,000
	400.0
	100.0
	800.00
	700.00
	1,500.00


S2.3. Performance boundaries and Tolerance
Under this reference policy, a positive expected-loss criterion A gives q ≤ A/0.75, subject to any separately specified lower performance or technical requirement. For A = 980, the upper boundary is 1,306.666667. The main figure’s target of 1,000 and Tolerance of 900–1,200 are illustrative governance choices, not roots of the risk equation.
The same distinction applies to every response-specific profile. A financial boundary answers where that particular policy crosses the criterion. An approved Tolerance also reflects the business objective and acceptable variation around its target. Risk Capacity requires a separate assessment of what the entity can absorb (COSO, 2017a, Principle 7; 2017b, pp. 20–22).
S3. Allocation at a fixed Performance Target
S3.1. Feasible resource interval
At exact output, put H = (q/10)² and L = H/K. With constant positive a = κK and b = κL, expected loss and expenditure are
	
	(S5)


Both functions are strictly convex on positive K. Their unconstrained minimisers and the minimum loss are
	
	(S6)


The criterion aK + bH/K ≤ A has a feasible allocation if and only if A ≥ 2√(abH). If it is feasible, multiplication by positive K gives a quadratic inequality with roots
	
	(S7)


All feasible capital allocations lie in [K−, K+]. Write K_D = K− and K_U = K+. The least-cost feasible allocation is the cost minimiser clipped to this interval:
	
	(S8)


Strict convexity proves this result: cost decreases up to Kᶜ and increases thereafter, so the closest admissible point to Kᶜ in that ordering is optimal. When A equals minimum expected loss, the interval collapses to one allocation. Below the minimum there is no allocation, and above the reference loss the cost-minimising plan remains feasible. The implementation uses K− = bH/(aK+) to avoid subtractive cancellation.
For minimum expenditure plus expected loss, the equivalent input prices are r + a and w + b. Its minimiser is
	
	(S9)


This rule need not satisfy a separately imposed expected-loss criterion. Choosing it therefore answers a different financial question from Equation (S8).
S3.2. The 1,300-unit example
Table S2 reports the exact-output allocations. Each uses coefficients 2 and 7. The least expenditure meeting A = 973 is €2,603.011008. Minimum expected loss is €972.830921 at expenditure €2,605.797109. A = 970 is infeasible without another response. Display rounding is applied after the production and risk conditions are checked.
Table S2. Exact-output allocation comparison before presentation rounding.
	Criterion
	K
	L
	Expenditure €
	Expected loss €

	Minimum expenditure
	260.000000
	65.000000
	2,600.000000
	975.000000

	Minimum expenditure plus expected loss
	255.314932
	66.192760
	2,600.429859
	973.979183

	Least expenditure meeting A=973
	247.784589
	68.204403
	2,603.011008
	973.000000

	Minimum expected loss
	243.207730
	69.487923
	2,605.797109
	972.830921


At the minimum-risk point, equipment and labour expected-loss contributions are equal. At the cost minimum, the financial marginal trade-off instead reflects r and w. These equality conditions need not select the same mix. The efficient cost–risk segment lies between the two minimisers; the main article’s Figure 3 plots that segment and the four criteria.
S3.3. Additional exposure terms at exact output
If the loss model also contains γKL + δq + η/(KL), their combined contribution at fixed output is
	
	(S10)


This quantity is the same for every resource mix producing exactly q. The roots and clipped solution remain valid after replacing A by A − G(q). This is not an additional coefficient adjustment. It is subtraction of separately specified expected consequences from the available financial allowance. If the remaining allowance is below the minimum unit-level loss, no reallocation can meet the criterion.
S4. Strategies, Share responses and expenditure limits
S4.1. Regime definitions
Table S3 states the immutable coefficient and price inputs. Changes between rows represent different strategic or contractual assumptions. The two risk coefficients remain constant with output and with the resource mix within each row.
Table S3. Fixed inputs within each strategy or response regime.
	Regime
	r
	w
	κK
	κL

	N: reference
	5
	20
	2
	7

	ALT: alternative strategy
	5
	10
	2
	9

	IK: equipment insurance
	8
	20
	0.5
	7

	IL: labour insurance
	5
	25
	2
	5


The reference row includes the starting operating arrangements; N means no additional response relative to them, not an automatic Accept decision. In IK, a quarter of equipment loss is retained and the premium is 3K. In IL, five sevenths of labour loss is retained and the premium is 5L. The contracts have fixed proportional recovery and no deductible or coverage ceiling in this illustration. These assumptions are not claims about actual insurance products.
S4.2. A strategic alternative
For the ALT regime, the cost-minimising quantities at q = 1,000 are K = 141.421356 and L = 70.710678. Expenditure is €1,414.213562 and expected loss is €919.238816. Its reference profile has slope 0.919238816, compared with 0.75 for N. At the same A = 980, their financial boundaries are 1,066.099455 and 1,306.666667. The expenditure comparison does not include a benefit function or establish a preferred corporate strategy.
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Figure S1. Evaluating alternative operating strategies. Each profile uses its own fixed coefficient set and cost-minimising resource policy. The common Risk Appetite criterion is €980. Differences in unit prices and assessed risk per unit are declared strategy inputs; neither coefficient set varies with performance.
S4.3. Insurance and target-specific comparisons
Table S4 shows the 1,300-unit cost-minimising allocations. Its insurance premiums are part of expenditure, not additions to the displayed totals. All quantities are calculated without intermediate rounding.
Table S4. Insurance at q = 1,300. Monetary amounts are euros per period.
	Regime
	K
	L
	Premium
	Expenditure
	Retained loss

	N
	260.0000
	65.0000
	0.0000
	2,600.0000
	975.0000

	IK
	205.5480
	82.2192
	616.6441
	3,288.7688
	678.3086

	IL
	290.6888
	58.1378
	290.6888
	2,906.8884
	872.0665


For each regime, the expected-loss slope on its own cost-minimising policy is
	
	(S11)


With A = 970, the policy boundaries are 1,293.333333 for N, 1,859.035958 for IK and 1,445.990625 for IL. The maximum output under the same loss limit when arbitrary continuous allocation is allowed is instead 5A/√(ab). The latter answers a different question and may require greater expenditure. Table S5 solves the constrained problem directly at three targets.
Table S5. Least expenditure meeting A = €970 within each response regime.
	Target
	Regime
	Expenditure €
	Expected loss €

	1,300
	N
	Infeasible
	—

	1,300
	IK
	3,288.77
	678.31

	1,300
	IL
	2,906.89
	872.07

	1,600
	N
	Infeasible
	—

	1,600
	IK
	4,047.72
	834.84

	1,600
	IL
	Infeasible
	—

	1,800
	N
	Infeasible
	—

	1,800
	IK
	4,553.68
	939.20

	1,800
	IL
	Infeasible
	—


At output 1,300, IL is cheaper than IK and both satisfy the criterion. At 1,600 and 1,800, only IK among these regimes is risk-feasible. No cost is assigned to an infeasible alternative. The comparison holds technology, response effectiveness and other obligations fixed; it does not include combined insurance contracts or other control programmes.
S4.4. Joint expenditure and risk limits
For a budget B and an unextended regime, set K = tq and L = q/(100t), where t is positive. The greatest output supported at this ratio is
	
	(S12)


The denominator of each ratio is convex in log(t), with a unique minimum. The maximum of the smaller ratio can occur at the cost-optimal ratio, the loss-optimal ratio, or an intersection of the budget and loss boundaries. Candidate ratios therefore include
	
	(S13)


The last expression is used only when the denominator is nonzero and the right-hand side is positive. Evaluating valid candidates gives the global optimum; numerical optimisation in log(t) provides a separate check.
With A = 970 and B = 3,500, Table S6 gives each regime’s maximum output. Across these three regimes, the largest is 1,523.811012 under labour insurance, with K = 270, L = 86, cost €3,500 and loss €970. The result is a feasible performance boundary, not a value-maximising strategic target.
Table S6. Highest output within B = €3,500 and A = €970.
	Regime
	Output
	K
	L
	Expenditure €
	Expected loss €

	N
	1,296.2170
	242.5000
	69.2857
	2,598.21
	970.00

	IK
	1,383.4965
	218.7500
	87.5000
	3,500.00
	721.88

	IL
	1,523.8110
	270.0000
	86.0000
	3,500.00
	970.00
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Figure S2. Expenditure required to meet Risk Appetite at alternative Performance Targets. Each curve solves the continuous resource problem under its contract-specific fixed coefficients. Missing portions indicate that no allocation in that regime satisfies the €970 expected-loss criterion. The €3,500 line is an expenditure budget, not Risk Capacity.
S5. Fixed equipment in the short run
Suppose K0 is committed and remains exposed during the assessment period. At exact output, the minimum required labour quantity and the assessed risk are
	
	(S14)


The direct equipment contribution is fixed. Labour exposure grows quadratically with output, while its coefficient stays b. This is a nonlinear Risk Profile produced entirely by the resource constraint. If A > aK0, its positive-output boundary is
	
	(S15)


If A ≤ aK0, no positive output meets the criterion in this specification. Zero output, shutdown, standby equipment and disposal require their own exposure definitions; they are not inferred from this operating model.
The squared boundary is proportional to AK0 − aK0². Among possible fixed stocks, it is therefore largest at K0 = A/(2a). For A = 980, a = 2 and b = 7, this is K0 = 245 and the largest boundary is 1,309.580085. It is not the equipment stock that minimises risk or cost at every individual target. Table S7 makes the trade-off visible.
Table S7. Short-run profiles at q = 1,000 and their boundaries at A = €980.
	Fixed K0
	Required L
	Loss at 1,000 €
	Upper output boundary

	50
	200.0000
	1,500.00
	792.8250

	100
	100.0000
	900.00
	1,055.5973

	200
	50.0000
	750.00
	1,287.3006

	245
	40.8163
	775.71
	1,309.5801

	400
	25.0000
	975.00
	1,014.1851

	800
	12.5000
	1,687.50
	No positive output
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Figure S3. Short-run Risk Profiles for alternative fixed equipment commitments. The coefficients are 2 per equipment exposure unit and 7 per labour hour in every curve. Higher equipment use raises the fixed equipment contribution and lowers required labour. The combined effect is not a monotonic expansion of the appetite-consistent performance range.
S6. Additional exposure mechanisms and profile shape
S6.1. Units and interpretation
The extended example adds γKL, δq and η/(KL) as distinct expected financial consequences. γ has monetary units per unit of the joint exposure KL; δ has monetary units per output unit; η has monetary units multiplied by KL. These are constant parameters. The source notation η = xinvω is combined into one parameter so that its scaling factor is included exactly once.
The joint term is an assumed exposure relationship for an additional consequence, such as a separately defined interface-related loss category. It is not generated automatically by statistical correlation between the two unit-level categories. The inverse term is a stipulated representation of low-scale vulnerability and requires its own empirical or expert basis in an application. The examples do not show that operational fragility universally follows an inverse law. In particular, planned overhead expenditure is not counted as uncertain loss.
For the cost-minimising policy and reference technology, write
	
	(S16)


with m = (a√(w/r) + b√(r/w))/10, g = γ/100 and c = 100η. No coefficient is a function of q. The profile is linear when γ = η = 0, convex with joint exposure, and potentially U-shaped with a positive inverse term. The chosen functional form, not the label “ERM”, determines that shape.
S6.2. Minimum and appetite intersections
With m + δ > 0, g ≥ 0 and c > 0,
	
	(S17)


The derivative is strictly increasing, tends to negative infinity as q approaches zero from above, and is positive for sufficiently large q. There is one positive minimum. The financial boundary equation is quartic:
	
	(S18)


Over all positive outputs, a criterion above the minimum has two positive crossings, equality has one, and a criterion below it has none. Restricting the operating domain can remove one or both crossings. The interval between crossings need not be symmetric around the minimum and is not an approved Tolerance. When g = 0, the minimum is [2c/(m + δ)]^(1/3).
For the two-factor parameters a = 2, b = 7, r = 5, w = 20, γ = 3, δ = 0 and η = 10,000, the curve is 0.75q + 0.03q² + 1,000,000/q². The minimum is at q = 73.041187, with loss €402.272238. At A = 973, the crossings are 33.051023 and 164.584820. Numerical substitution checks both roots and the minimum. This scenario has additional loss categories and should not be compared as though it were the unchanged linear benchmark at q = 1,300.
S6.3. What a response can change
At fixed q, KL is fixed. Resource reallocation can therefore alter aK + bL but not γKL, δq or η/(KL). A response directed at those additional consequences requires a distinct change in its regime or exposure structure. For example, a specified intervention reducing γ from 3 to 1 would produce a different profile; a cost-benefit choice would also require the intervention’s cost, benefits and credible effectiveness evidence.
An apparent U-shaped profile under a selected policy is not necessarily the minimum-risk envelope over every way to satisfy a minimum service requirement. If delivering more than a minimum is allowed, the decision set is larger and may include operating at a different output. This paper’s plotted profiles and resource comparisons specify actual planned output, and the exact-output condition is retained in the inverse-exposure examples.
S7. Portfolio View with shared resources
S7.1. Joint loss and commitments
For non-overlapping unit consequences and a distinct central consequence, the expected-loss assessment is
	
	(S19)


The vector of targets and the joint plan must be specified. Each term is assessed for that plan; shared consequences are counted once. Linearity of expectation does not require independence. Quantiles, expected shortfall and liquidity consequences would need a joint distribution and separate decision criteria.
A joint selection can minimise total expenditure subject to the required unit criteria, an entity criterion, shared-resource limits and the technical requirements. The numerical example uses known constant coefficient sets. It makes no confidence-coverage claim and is not a stochastic portfolio simulation.
S7.2. Numerical design and exhaustive enumeration
Two units each target q = 1,300. For each unit, K = 260t and L = 65/t, with t in {exp(−0.6), exp(−0.3), 1, exp(0.3), exp(0.6)}. These are resource-mix ratios only, not multipliers of the risk coefficients. Each mix can be combined with N, IK or IL, giving fifteen actions and 225 ordered pairs.
The unit criterion is A = 980, the entity criterion is AE = 1,800, the central expected consequence is R0 = 200 and the shared labour availability is 125 hours. These are declared assumptions of this portfolio illustration. The fixed central consequence is distinct from unit equipment and labour losses and is not reduced by either insurance contract. Table S8 gives the selected pairs.
Table S8. Selected joint plans under the fixed-coefficient model.
	Condition set
	Unit 1
	Unit 2
	Cost €
	Entity loss €

	Unit limits only
	N; K=260.000; L=65.000
	N; K=260.000; L=65.000
	5,200.00
	2,150.00

	Unit and entity limits
	N; K=260.000; L=65.000
	IK; K=260.000; L=65.000
	5,980.00
	1,760.00

	Unit, entity and shared resources
	IK; K=260.000; L=65.000
	IL; K=350.963; L=48.153
	6,338.65
	1,727.69


The final unit-2 quantities are K = 350.963290 and L = 48.153184. Its labour-insurance regime has coefficients (2, 5), giving loss €942.692502. Unit 1 uses the reference resource mix with equipment insurance and loss €585. Adding central loss gives €1,727.692502; expenditure is €6,338.646058. Swapping identical units produces an equivalent result.
The selected pair minimises expenditure within the enumerated action set. It is not asserted to be the optimum over unrestricted continuous allocations or every possible response. The release contains all candidate rows, feasibility tests and deterministic tie-breaking by action identifiers. Local acceptance is not sufficient for the common conditions: the unit-and-entity solution still uses 130 hours, exceeding the specified shared availability.
S8. Coefficient evidence and an ERM decision record
A coefficient needs an exposure definition, a financial consequence boundary, a time basis and a control condition. A source might be comparable incident records or a reasoned assessment of frequency and financial severity. The numerical examples specify coefficient values directly. They are not estimates of equipment reliability, employee performance, insurance recovery or organisational maturity.
One illustrative unit-level interpretation of coefficient 2 is 0.01 expected events per equipment-unit period with expected cost €200 per event, under a suitable frequency–severity model. A labour coefficient 7 could similarly combine 0.07 expected events per labour hour and €100 per event. These decompositions are teaching examples, not observations and not uniquely determined by the products. They supply no basis for changing either coefficient with output. An operational assessment would need to justify the event definitions and rates themselves.
The constancy assumption applies over a declared operating domain. A significant change in technology, control condition or consequence definition prompts review of the regime. The revised coefficient set requires a documented basis; it is not obtained by mechanically multiplying the previous coefficient by output per equipment unit. The model deliberately contains no such adjustment.
Table S9. Proposed ERM decision record.
	Record field
	Information retained

	Objective and period
	Strategy link, benefit sought, target, period and service obligations.

	Risk Profile
	Exposure definition, distinct consequences and selected monetary measure.

	Coefficient basis
	Fixed values, units, evidence, existing controls and domain of applicability.

	Options
	Reference allocation; alternative mixes; separately specified Reduce and Share responses.

	Decision criteria
	Risk Appetite expression, selected financial criterion, approved Tolerance and resource budget.

	Portfolio View
	Shared-resource commitments, entity criterion and non-duplicated central consequences.

	Authority and review
	Owner, Finance check, risk challenge, management decision, assurance role and review triggers.


A report using this record distinguishes the numerical assessment from the governance decision. Passing the expected-loss criterion does not itself authorise Accept, establish Risk Capacity, or demonstrate that safety and service obligations are met. Those considerations are recorded alongside the financial result. The reporting arrangement is consistent with the COSO roles described in Appendix C and with the attention to managerial judgement and use of risk information in Aven (2004, 2010), Donnelly et al (2012), Crawford and Jabbour (2024) and Marc et al (2023).
S9. Link to the developmental service methodology
The accompanying Greek study (Author, n.d., Sections 4.9 and 7.4) supplies a nine-stage process for linking service objectives, risk assessment and portfolio review. Table S10 retains that sequence and states the corresponding use within the present model. The table is an application guide, not a claim that the production function describes every water-service indicator.
Table S10. Application of the developmental study’s nine-stage sequence to the present model.
	Stage
	Use in the assessment

	1. Strategy and objective
	Identify the service commitment and the benefit sought.

	2. Performance variable
	Define the KPI, unit, denominator, time basis and operational domain.

	3. Risk universe
	Identify events, distinct consequences, existing measures and owners.

	4. Risk behaviour
	Specify how the chosen performance changes resource and other exposures.

	5. Quantification
	Document fixed coefficients and the basis of each exposure relationship.

	6. Risk Curve
	Calculate the selected plan across the defined performance range.

	7. Appetite, Capacity, Tolerance
	Apply separate governance concepts using compatible measures.

	8. Triggers
	Define operational triggers and review conditions; do not infer them from an arbitrary curve kink.

	9. Portfolio View
	Check common resources, entity objectives and shared consequences.


Water-network coverage, restoration time and wastewater-service coverage have different definitions, denominators and resource requirements. Their scores are not interchangeable with the monetary coefficients in this paper. The developmental examples inform the organisation of an objective-centred assessment; they do not calibrate the production-risk example. The current supplement does not reproduce the study’s legal analysis or assert that a particular service level is legally sufficient. Such an application needs the appropriate technical and regulatory assessment in its own right.
S10. Reproduction, checks and interpretation
The computational material is self-contained. Run python code/fixed_exposure_model.py, python code/targeted_extensions.py and python code/review_revisions.py from the package directory to recreate all numerical results. The first module provides the two-factor and portfolio calculations; the second provides the activity model and marginal-cost calculations; the third adds objective, price, unchanged-plan, effectiveness, scarcity and degeneracy tests. Coefficient regimes are immutable records. They do not take output or loading as arguments.
The calculation retains full precision in CSV and JSON and rounds only for presentation. Analytical solutions are checked against separate numerical optimisation; activity LPs are compared with independent vertex enumeration and, where its assumptions hold, a closed-form route-ordering solution. Marginal values are compared with finite changes at interior points. Section S18 gives the corrected selection procedure and the verification scope. These checks establish consistency of implementation under the declared assumptions, not empirical adequacy of the inputs or effectiveness in an organisation.
S11. General resource-and-response formulation
S11.1. Inputs, choices and the scope of the construction
Let y be a vector of required product or service outputs over a fixed period. A regime s in a finite set S specifies a technically admissible strategy-and-response package: technology, control condition, contractual retention and the cost assumptions associated with that package. The operating vector x can contain physical resources, route quantities and other decision variables. Its dimension need not equal the number of loss categories. The set Xₛ(y) records technical feasibility, availability and non-financial requirements. An equality output requirement and a minimum service requirement are different sets and must be labelled accordingly.
The accounting is
	
	(S20)


Here cₛ is production expenditure and mₛ is response expenditure, which may contain a fixed charge fₛ and variable charges. In the insurance examples, the premium is part of mₛ, or equivalently included in the effective resource price, but not both. Expected retained losses are distinct financial consequences. A regime can change the production set, exposure functions, fixed coefficients or expenditures; none of its coefficients is a function of output or loading. A continuous control intensity can be represented in x through documented cost and exposure relationships, but no such additional intensity model is assumed in the numerical examples.
For a fixed target and expected-loss criterion, define
	
	(S21)


An infeasible regime has value +∞. For feasible cases, a selected pair (s*,x*) is an optimiser of this problem. This description accommodates many inputs, multiple outputs and discrete response packages without imposing a common production equation on different organisations. It does not establish the empirical correctness of any particular Xₛ, eᵢₛ or κᵢₛ. The structure uses standard constrained optimisation (Boyd and Vandenberghe, 2004) and, for the activity example, linear programming (Dantzig, 1963).
S11.2. Existence and comparison across regimes
Proposition S11.1 (attainment and finite regime comparison). Fix y and A. Suppose S is finite; for each s, Xₛ(y) is closed on the stated operating domain; Rₛ is continuous; and Cₛ is lower semicontinuous and bounded below. Suppose each nonempty feasible branch has at least one feasible cost sublevel set that is compact. Then each such branch has a minimum. If at least one branch is feasible, the smallest of its branch minima is a global solution of the joint problem.
Proof. In a feasible branch, choose a feasible point whose expenditure defines a compact feasible cost sublevel, as assumed, and restrict attention to that sublevel. A lower-cost optimum cannot lie outside that sublevel. Continuity of Rₛ and closedness of Xₛ make the restricted feasible set closed; by assumption it is compact. Lower semicontinuity therefore gives an attained minimum. Comparing finitely many attained branch minima gives the joint minimum. Every jointly feasible pair belongs to one of those branches, so no omitted cross-branch choice can be cheaper. Convexity is not needed for this statement, although a nonconvex branch must itself be solved globally before global optimality can be claimed.
Where cost minimisers are not unique, the reported policy first minimises expected loss among the cost minimisers and then minimises the activity coordinates in their declared order for any remaining tie. Section S18 describes the explicit secondary and subsequent LP stages that enforce these priorities within each regime. Across regimes, primary objective values within the stated numerical tolerance are tied; lower expected loss is preferred, followed by the regime code. A finite numerical implementation must publish its feasibility and tie tolerances. For a continuous model, compactness and continuity also allow the second-stage risk minimum. A fixed tie rule is needed because equal expenditure can correspond to different plotted risk assessments.
The numerical activity model has nonnegative activities and bounded exact outputs, so its feasible sets are compact polytopes. The two-factor model is solved in one positive resource coordinate after substituting exact production; finite cost sublevels are bounded away from zero and infinity. The numerical methods therefore have a direct attainment basis for the stated examples.
S11.3. A policy profile, a value function and a selected-plan profile
A reference policy πₛᶜ chooses a cost-minimising plan in regime s without the expected-loss constraint. Along a declared path y(q), its curve is
	
	(S22)


The criterion A is not used to derive this reference curve. In contrast, the profile of a plan selected by Equation (S21) is obtained by evaluating R at its selected (s*,x*) for each y(q). It is conditional on A and on the response set. It need not equal the pointwise smallest attainable expected loss. At a response switch it may jump even when the expenditure value function is continuous. A cost–risk frontier at fixed output and a plot of V against A are separate decision displays, not performance-axis Risk Profiles.
With multiple outputs, a scalar curve is only a declared slice of the assessment. A vector such as (100 units of A, 80 units of B) is not replaced silently by a sum of unlike outputs. Section S13 uses y(q) = (q,0.8q) for one illustrative plot while retaining both output equations in all optimisations. This applies COSO’s performance-axis description (2017b, Appendix D) without implying that one scalar index uniquely summarises every enterprise objective.
S11.4. Feasibility, resources and managerial review
For a declared performance path, an expenditure budget B defines the supportable set
	
	(S23)


Its supremum is a performance-feasibility boundary on that path, not an estimate of Risk Capacity or a value-maximising target. Additional statutory or service conditions remain in Xₛ. Loosening A or B cannot shrink this set when the other inputs are unchanged. Monotonicity in a component of y, however, requires nested technical sets; it is not asserted for arbitrary exact-output technologies.
An implementation proceeds as follows: define the output vector and time basis; specify Xₛ, exposures and response costs; document and freeze the regime coefficients; solve every eligible regime; check the original constraints and compare branch minima; report the selected plan and its supporting inputs; then apply portfolio and governance review. Local numerical optima must be labelled as such when global optimality has not been established. The activity example instead has LP branch solutions checked through a separate method. Numerical objective values within €10⁻⁸ are treated as tied across regimes; losses within €10⁻⁸ are also treated as tied before the regime-code comparison. Within each regime, earlier optima are fixed by equality constraints in subsequent lexicographic stages; solver tolerances and residual checks are stated in S18. Original constraints are checked with stated numerical tolerances in the code.
The decision is static and conditional on the supplied inputs. In a later review, justified changes in resources, prices, technology or loss evidence create a newly versioned assessment and the problem is solved again. This describes operational use within COSO Review and Revision. No intertemporal state equation, automatic learning rule or endogenous appetite preference is claimed. The optimisation jointly chooses resources and responses; governance sets the admissible objectives and criteria.
S12. Marginal expenditure and the cost of changing the criterion
S12.1. Definition and dual interpretation
Two derivatives must be separated. The derivative of a policy-specific expected-loss curve with respect to q is the marginal expected loss of changing performance under that policy. It has currency-per-output units and is given by Equation (S2). The derivative considered here instead holds y fixed and changes the expected-loss allowance A.
For a branch s, define the Lagrangian with the technical requirements retained in its domain:
	
	(S24)


The multiplier λ is nonnegative. For a convex branch, strong duality gives the value as the supremum, over λ, of functions affine in A. Thus Vₛ(y,A) is convex and non-increasing in A on its extended-value domain. A sufficient qualification is strict feasibility of the loss constraint relative to a nonempty convex technical domain, together with the usual closedness and attainment conditions. Linear programmes admit the corresponding primal–dual interpretation. These are standard sensitivity results (Boyd and Vandenberghe, 2004, Section 5.6).
Proposition S12.1 (conditional marginal expenditure). If strong duality holds and λ is optimal at A, then for every A′,
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If the value is differentiable at A, the marginal expenditure of a small tightening equals λ. A strictly slack loss constraint at the optimum has λ = 0. Binding alone does not establish a strictly positive multiplier. At a nondifferentiable point, an optimal multiplier supplies a supporting slope; a single two-sided derivative must not be assumed.
Proof. Let gₛ(λ) be the infimum of Cₛ(x) + λRₛ(x,y) over Xₛ(y). Weak duality at A′ gives Vₛ(y,A′) ≥ gₛ(λ) − λA′. Strong duality at A gives gₛ(λ) − λA = Vₛ(y,A). Subtracting yields the stated bound. If the value is differentiable, applying the bound to positive and negative perturbations gives derivative −λ. Complementary slackness gives zero multiplier for a strictly slack constraint.
The joint value V is the minimum of the regime values. It remains non-increasing in A, but need not be convex. A multiplier from one branch gives the local joint slope only when that branch remains optimal in a neighbourhood and its value is differentiable there. Switching packages, loss of branch feasibility and indivisible choices require finite differences or one-sided comparisons. For h > 0 with both problems feasible, use
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This is the average additional expenditure per unit tightening over the specified interval. It is not automatically a point derivative. A local marginal quantity does not replace the calculation of a proposed finite change.
S12.2. Analytical derivative for the two-factor benchmark
At q = 1,300, H = 16,900, a = 2, b = 7, r = 5 and w = 20. The no-additional-response branch is feasible for A ≥ 2√(abH) = 972.830920561. For A ≥ 975 the production-cost minimum is feasible and the marginal expenditure is zero. For 972.830920561 < A < 975, the optimal equipment quantity is the upper root in Equation (S7), between Kᴿ and Kᶜ. Differentiating the active constraint and the objective gives
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The numerator and denominator are positive in this interval. The denominator tends to zero as the two risk-feasible roots merge at Kᴿ. Since Kᶜ and Kᴿ differ here, the marginal expenditure tends to infinity from the feasible side. The objective itself remains finite at the boundary. At that boundary there is no finite two-sided derivative; a number returned by a solver must not be interpreted as a stable marginal price.
Table S11. Local marginal expenditure at q = 1,300 in regime N.
	Criterion A
	Equipment K
	Minimum expenditure
	Marginal € / €

	980.00
	260.0000
	2,600.000000
	0.000000

	975.00
	260.0000
	2,600.000000
	0.000000

	974.80
	259.1819
	2,600.012911
	0.132310

	974.50
	257.8777
	2,600.087328
	0.373786

	974.00
	255.4269
	2,600.409385
	0.967161

	973.50
	252.3967
	2,601.145232
	2.138696

	973.00
	247.7846
	2,603.011008
	6.900576

	972.90
	246.1234
	2,603.911869
	12.306692

	972.84
	244.2608
	2,605.070885
	38.653693

	972.830921
	243.2077
	2,605.797109
	No finite derivative


The boundary row is feasible but has no finite derivative from the interior. All coefficients remain (2,7).
The one-euro tightening from 974 to 973 increases minimum expenditure by €2.601622254. The local rates at its endpoints are approximately €0.967161 and €6.900576 per euro, respectively. The average interval rate is neither endpoint. The €3.011007652 difference between the original cost minimum and A = 973 is a total response expenditure, not a marginal rate.
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Figure S4. Marginal expenditure of tightening the quantitative Risk Appetite criterion in the no-additional-insurance branch. Output is fixed at 1,300 and coefficients remain (2,7). The quantity is −∂Vₙ/∂A, not the performance-axis risk-curve slope. It is defined in the interior of the feasible branch and rises sharply near minimum expected loss.
The narrow numerical interval in this benchmark is explained by the relationship between cost and loss weights. More generally, with a,b,r,w > 0,
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The ratio is one exactly when aw = br, in which case the cost-minimising and risk-minimising allocations coincide. Consequently, exposure reallocation has no additional loss-reduction potential at that target. The illustrative ratio is close to one, so the small absolute differences in the two-factor figure are specific to its inputs, not a generic estimate of ERM benefits. This identity follows by substituting the conditional factor demands and minimum loss from Section S3 and simplifying. For comparison, keeping a = 2, r = 5 and w = 20 but setting b = 8 makes the ratio exactly one. Setting b = 2 instead gives ratio 1.25, allowing a maximum 20% reduction of reference expected loss through reallocation. These are distinct fixed-coefficient cases, not changes of a coefficient with performance. The accompanying cost_risk_alignment.csv records these contrasts.
S12.3. Discrete response changes and an actual cost discontinuity
Now allow the two-factor N, IK and IL regimes. At A = 972.830920561, N remains feasible and costs €2,605.797109. Immediately below this value it becomes infeasible. Over this neighbourhood, IL already meets the criterion at its unconstrained cost minimum, costing €2,906.888371. The change in the joint optimum is therefore €301.091262. It is a response-switch cost discontinuity, not the effect of an infinitely large coefficient or a forecast of future losses.
Table S12. Joint response selection at fixed output 1,300, including the regime-feasibility boundary.
	Criterion A
	Regime
	Expenditure
	Expected loss

	980.000000
	N
	2,600.000000
	975.000000

	975.000000
	N
	2,600.000000
	975.000000

	974.000000
	N
	2,600.409385
	974.000000

	973.000000
	N
	2,603.011008
	973.000000

	972.830921
	N
	2,605.797109
	972.830921

	972.820000
	IL
	2,906.888371
	872.066511

	970.000000
	IL
	2,906.888371
	872.066511

	900.000000
	IL
	2,906.888371
	872.066511


The comparison considers N, IK and IL only. Numerical values use unrounded parameters; the discontinuity refers to the one-sided limit below the exact minimum of N.
For risk-appetite review, this comparison states the economic consequence of a proposed criterion change under the available response set. It does not prescribe how much risk the board should accept. Nor is expenditure to satisfy a criterion a measure of total value of ERM. A separate appraisal of decision-support value would require an explicit comparator, common objectives and constraints, benefits and implementation costs.
S13. Three resources, two outputs and alternative production routes
S13.1. Technical specification and provenance
This is a separate hypothetical application constructed for the generalisation. It does not use or rescale the two-factor production data. Activity analysis represents production through route-specific input requirements (Dantzig, 1963). The numerical recipes, prices, response effects and limits below are stipulated by the authors to make the decision trade-offs inspectable. They are not measured engineering relationships or evidence that a particular technology is safer.
Let x = (x₁,x₂,x₃,x₄) represent quantities of product A using its automated and manual routes, followed by product B using its automated and manual routes. Products must be delivered in exact quantities y = (100,80). Resource consumption is D x, with three separate units: equipment exposure units K, labour hours L and energy units E. The matrices and resource limits are
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Table S13. Stipulated route requirements per product unit and baseline production expenditure.
	Product / route
	Equipment
	Labour hours
	Energy units
	Expenditure €

	A: automated
	0.40
	0.10
	0.50
	5.00

	A: manual
	0.10
	0.50
	0.20
	10.90

	B: automated
	0.60
	0.20
	0.80
	8.60

	B: manual
	0.20
	0.70
	0.30
	15.60


One activity unit produces one unit of its specified product only. Resource units differ and are not added. These are hypothetical technical recipes, not measured plant data.
Baseline unit expenditure is p = (5,20,2) and the baseline retained-loss coefficients are κ = (4,1,0.5). The energy term represents a separately delimited uncertain electrical-interruption consequence per energy unit, not the planned electricity bill. That bill is already in production expenditure. The equipment and labour terms represent separate repair and labour-related consequence categories. A real application must reconcile event-level costs to prevent an interruption consequence from being included in more than one category.
S13.2. Risk Responses and their expenditure
Three regimes are available: N, no additional programme; SH, an equipment Share contract; and RD, a Reduce programme. SH retains 50% of the equipment consequence and charges 0.8K; RD costs 100 for the assessment period and is assumed to reduce the expected equipment consequence by 60%. The baseline equipment coefficient is therefore 4, SH has coefficient 2, and RD has coefficient 1.6. Labour and energy coefficients remain 1 and 0.5. There are no deductibles, aggregate policy limits or uncertain recoveries in this illustration.
Table S14. Activity-model response regimes. Coefficients and prices are constant within each row.
	Code
	Response assumption
	Coefficients (K,L,E)
	Total expenditure

	N
	No additional response
	(4, 1, 0.5)
	5K + 20L + 2E

	SH
	Share: retain half of equipment loss
	(2, 1, 0.5)
	5.8K + 20L + 2E

	RD
	Reduce: lower equipment consequence by 60%
	(1.6, 1, 0.5)
	5K + 20L + 2E + 100


The fixed programme charge is paid once per assessment period. Its effect and the insurance contract are stipulated assumptions. All coefficients are monetary loss per corresponding exposure unit.
The package is chosen once for the period. All exposure in that package uses its specified coefficients. Programme and insurance are alternatives, not divisible fractions and not a combined response. The objective for one regime is
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The matrix D and every coefficient are fixed when A or the output target is varied. Activity quantities and the regime are the decisions. Fixed programme expenditure is incurred once whenever RD is selected and does not depend on throughput. Even in the all-automated plan, where route quantities are unchanged, it is included before comparing the packages.
Article Figure 5(a) depicts these two levels of selection: optimise the routes within each regime under the common output and resource constraints and the expected-loss criterion, then compare the feasible regime optima. Repeating the same calculation over A gives the branch curves and lower envelope in Figure 5(b). No response is selected when every branch is infeasible. The selected numerical plan remains subject to assumption testing, portfolio checks and management review.
S13.3. A closed solution and a separate numerical check
At the declared target, let v_A and v_B be the quantities moved from automated to manual routes. The all-automated resource vector is (88,26,114). In terms of v, resources become
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with 0 ≤ v_A ≤ 100 and 0 ≤ v_B ≤ 80. Equipment and energy availability cannot bind as manual quantities increase from this reference; labour imposes 0.4v_A + 0.5v_B ≤ 54.
The reference loss and loss reductions per switched unit are: N, (435; 0.95,1.35); SH, (259; 0.35,0.55); RD, (223.8; 0.23,0.39). The corresponding expenditure increases per switched unit are (5.9,7) for N and RD, and (5.66,6.68) for SH. In all three regimes, switching product B has both a lower cost per unit loss reduction and a lower labour requirement per unit loss reduction than switching A. Thus a feasible solution using manual A while leaving a transferable portion of B automated can be improved by shifting that loss reduction to B. This exchange argument establishes the route ordering, not a universal priority between products. The closed-form rule below is asserted only for the stated demand and original availability limits; scarcity cases in S17 are solved with the full constraints instead.
Writing d = max(0,Rₛ⁰ − A), the minimum-cost switches are
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where d_A,d_B are the regime-specific loss reductions. The plan is infeasible if these quantities violate the box or labour constraints. At minimum risk, v_B = 80 and v_A = 35; minimum losses are 293.75, 202.75 and 184.55 for N, SH and RD, respectively. At A < 184.55 no listed regime can deliver the two exact targets under the available resources.
The released calculation solves the four-variable linear programme, independently enumerates all vertices of the two-dimensional feasible polygon in (v_A,v_B), and checks the closed-form ordering above. The polygon has the four box boundaries, the three resource boundaries and the risk boundary. Intersections of every pair of non-parallel boundary lines are tested against every inequality. Its least-cost feasible vertex must match the LP value. This is an independent solution route to the same mathematical model, not validation using independent company data.
Table S15. Selected activity plans at the exact target (100,80). Automated quantities are the respective target minus the manual quantity.
	A
	Regime
	Manual A
	Manual B
	Expenditure
	Loss
	Labour

	440.00
	N
	0.000
	0.000
	1,188.00
	435.00
	26.000

	430.00
	N
	0.000
	3.704
	1,213.93
	430.00
	27.852

	420.00
	SH
	0.000
	0.000
	1,258.40
	259.00
	26.000

	300.00
	SH
	0.000
	0.000
	1,258.40
	259.00
	26.000

	259.00
	SH
	0.000
	0.000
	1,258.40
	259.00
	26.000

	250.00
	RD
	0.000
	0.000
	1,288.00
	223.80
	26.000

	220.00
	RD
	0.000
	9.744
	1,356.21
	220.00
	30.872

	200.00
	RD
	0.000
	61.026
	1,715.18
	200.00
	56.513

	184.55
	RD
	35.000
	80.000
	2,054.50
	184.55
	80.000


At the minimum feasible criterion 184.55, the labour limit binds. Below it none of the three regimes is feasible. Every row is computed from the fixed input matrix and its regime coefficients.
S13.4. Response thresholds, marginal prices and different output vectors
For the declared inputs, N and SH have equal minimum expenditure at A = 421.422857143. SH and RD have equal expenditure at A = 256.562874251. At an exact tie, selecting the lower expected loss chooses SH and RD, respectively. Between response changes the regime may have slack in its loss constraint. For example, RD at A = 250 costs 1,288 and has loss 223.8; its local marginal price is zero until its own loss constraint becomes active. At A = 220, manual switching of product B is required and its local marginal price is 7/0.39 = 17.948717949.
The three regime values are convex and non-increasing on their feasible domains. Their minimum is non-increasing but has intervals where the derivative increases and then decreases as A is relaxed, demonstrating that branch convexity is not global convexity of discrete response selection. The analytical multiplier is used only inside a linear segment. At an LP kink, a solver can return one of several dual prices; a two-sided derivative is not claimed.
The output vector remains explicit. The released vector-target table also solves y = (80,100), (120,50) and (90,90), checking every regime against independent vertex enumeration. For a one-dimensional risk display, Figure S5 (also article Figure 6) uses the declared path y(q) = (q,0.8q), 20 ≤ q ≤ 110. Every response-specific cost-reference policy remains all-automated over that interval, within the stated resource limits. Its expected-loss slope is 4.35 for N, 2.59 for SH and 2.238 for RD. The fixed programme charge affects expenditure, not that loss slope.
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Figure S5. COSO-format Risk Profiles for the activity technology. The performance path specifies both outputs: product A equals q and product B equals 0.8q. Each curve follows the regime’s all-automated cost-reference policy on 20–110 and uses its fixed coefficients. The €250 Risk Appetite criterion is shown in the same monetary measure. The marked target is (100,80). These profiles are distinct from the fixed-target expenditure comparison in article Figure 5(b).
S13.5. Fixed-input sensitivity and response evidence
Nine additional scenarios vary all coefficient levels to 80%, 100% or 120% of the declared values and the RD programme charge to 50, 100 or 200. Within each scenario every coefficient is fixed across all outputs and resource mixes. These are deterministic changes to input assumptions, not performance-dependent multipliers or confidence intervals. Price inputs and the nominal proportional effects remain as stated. Each scenario is reoptimised at y = (100,80) and A = 250.
Table S16. Fixed-input sensitivity at target (100,80) and criterion A = 250.
	Coefficient level
	RD fixed cost
	Choice
	Expenditure
	Loss
	Labour

	80%
	50
	RD
	1,238.00
	179.04
	26.000

	80%
	100
	SH
	1,258.40
	207.20
	26.000

	80%
	200
	SH
	1,258.40
	207.20
	26.000

	100%
	50
	RD
	1,238.00
	223.80
	26.000

	100%
	100
	RD
	1,288.00
	223.80
	26.000

	100%
	200
	SH
	1,367.71
	250.00
	34.182

	120%
	50
	RD
	1,515.61
	250.00
	45.829

	120%
	100
	RD
	1,565.61
	250.00
	45.829

	120%
	200
	RD
	1,665.61
	250.00
	45.829


The coefficient level defines a whole scenario, not a function of performance. It applies once to the post-response coefficient vector, with constant prices and proportional response effects. No confidence level is assigned.
The programme is preferred at the nominal coefficients and charge 100. At charge 200 the Share plan is cheaper. With coefficients 20% below nominal and charge 100, Share is preferred; with coefficients 20% above nominal the programme needs an additional route change. These comparisons identify consequential inputs, rather than proving that either assessment level is more plausible.
At nominal coefficients and A = 250, the best Share plan costs 1,367.709091. With a 60% effective equipment-loss reduction, RD retains the all-automated mix and its cost is 1,188 + f. Thus the programme is strictly cheaper for f < 179.709091. At equality the two plans tie in expenditure and the programme is selected because its expected loss is lower. Holding that mix fixed, the required reduction fraction d in the equipment consequence satisfies
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The stipulated 60% exceeds this threshold. The baseline ledger cannot establish that effectiveness. The threshold tells the analyst which claim needs support. If effectiveness is below the threshold, the all-automated programme plan fails the criterion; it does not follow that every reallocated programme plan is infeasible.
S14. Input documentation and release procedure
S14.1. Six steps from the operating objective to a usable input set
Step 1 — Define the decision. Record the objective, exact output vector or service requirement, time period, units, available response packages and approval authority. Specify whether targets are exact, minimum or bounded. Record Risk Appetite, approved Tolerance and resource budgets as different inputs. The model does not derive Risk Capacity from the spending budget.
Step 2 — Establish the technical and cost basis. Use process specifications, metering, engineering studies or comparable operating records to define Xₛ and the exposure mapping. Check units and the separation between physical resources and production activities. Reconcile prices, fixed programme costs and premiums to the same time period. Validate a representative operating plan independently of the risk calculation. A convenient mathematical shape is not evidence for a technology.
Step 3 — Reconcile consequences and exposures. Define each loss category and its denominator before collecting totals. Link event identifiers to direct costs, interruption consequences and recoveries. Assign each financial consequence once, although one event may cause several distinct consequences. Establish exposure for all periods, including those with no events. Document missing, censored, delayed or unreported losses and the treatment of inflation. Planned energy, payroll or maintenance expenditure must not enter the loss ledger again.
Step 4 — Estimate or elicit the coefficient. Comparable complete records permit total retained loss per total exposure as an estimator. Under an appropriate constant-intensity frequency–severity model, it can be decomposed into event frequency and mean retained severity. Expert assessments require a stated elicitation process, range, rationale and dissent rather than unsupported point precision. Every entry is tagged observed, estimated, elicited or stipulated. The numerical inputs here are stipulated, including the constructed ledger totals below; none becomes observed merely because a formula is applied to it.
Step 5 — Qualify applicability and response effects. State the technology, control condition and operating range supporting constancy. Examine whether recorded exposure is representative and whether reporting or consequence definitions have changed. Review separate periods and engineering consistency without mechanically introducing an output multiplier. For Reduce, record the basis for effectiveness and implementation cost. For Share, record covered consequences, retention, premium, exclusions, limits and recovery uncertainty. Before–after differences without comparable context do not alone establish a causal programme effect. When these items lack support, restrict the application domain or retain explicit fixed-input scenarios for managerial review.
Step 6 — Challenge, release and review. Test assumptions that can change feasibility or response selection; preserve scenario-specific coefficient sets and rerun the joint optimisation. Finance signs off the accounting, the risk function challenges the assessment, and management owns the decision. Preserve input versions, evidence location, owner, selected plan, constraints, tolerances, solver checks and review triggers. Later evidence initiates a documented reassessment. This applies COSO’s requirement to consider assumptions and confidence when using risk profiles (2017b, Appendix D), not a statistical guarantee created by the record itself.
S14.2. Estimator and conditions for interpretation
Let Eᵢ be total recorded exposure in comparable periods, Nᵢ the event count, and Zᵢ the sum of distinct retained financial losses. For Eᵢ > 0 and Nᵢ > 0,
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The equality between the two estimates is algebraic. To interpret the product as an expected loss coefficient, one sufficient model has expected count λᵢe over future exposure e and conditional expected aggregate severity Nᵢμᵢ, with the same λᵢ and μᵢ in the assessed regime. Then iterated expectation gives expected retained loss λᵢμᵢe. This assumption is stronger than simply observing a ratio in a finite record. It must be considered alongside data completeness and contextual comparability.
NIST/SEMATECH (n.d., Section 8.4.5.1) derives the count divided by total operational exposure estimator for the constant repair-rate model and describes its confidence bounds. The present ratio uses that exposure-accounting logic; it does not claim that labour events or energy-related losses universally follow a homogeneous Poisson process. Event frequency need not be a probability, and mean financial severity is not an ordinal impact score. Heat-map scores do not supply currency-valued coefficients.
With zero recorded events, the empirical loss ratio may be zero but does not demonstrate zero expected loss. Under a justified homogeneous Poisson model, the one-sided upper rate bound at confidence 1−α is −log(α)/E. Converting that bound to monetary loss additionally requires an appropriate severity assessment. With no defensible observation model, absence of events is recorded as limited evidence rather than a protective guarantee. The activity example makes no statistical-coverage claim.
S14.3. Constructed ledger and input register
Table S17 is an arithmetic illustration of how the activity-model reference coefficients could be represented in an input ledger. The totals were selected to reproduce the declared coefficients. They are not company observations and were not generated by a random simulation. No estimation accuracy or programme effectiveness is inferred from these totals.
Table S17. Constructed ledger totals illustrating the reference activity-model coefficients.
	Category
	Exposure E
	Events N
	Retained loss Z (€)
	Mean severity (€)
	Coefficient

	Equipment
	10,000
	200
	40,000
	200
	4.00

	Labour
	20,000
	200
	20,000
	100
	1.00

	Energy-related
	100,000
	500
	50,000
	100
	0.50


All totals are stipulated for this illustration. Exposure is recorded in equipment-unit periods, labour hours or energy units, respectively. The table does not estimate response effectiveness or sampling precision.
The regime register in Table S18 distinguishes the technical specification, loss inputs, response effects, financial criteria and accountability. An actual application replaces its hypothetical evidence entries with accessible records and justifications. It must retain the distinction between evidence for the baseline coefficient and evidence for the effect of a proposed response.
Table S18. Input register and required evidence before organisational use.
	Input
	Value or definition
	Status and evidence requirement
	Responsible function

	Decision and time basis
	Two exact outputs (100,80); one common period
	Stipulated objective. Actual use requires an approved service/output definition.
	Operating owner

	Technology
	D and Q in (S29); K ≤ 100, L ≤ 80, E ≤ 140
	Hypothetical recipe and availability. Actual use: engineering records and a checked feasible plan.
	Process / engineering

	Exposure definitions
	Equipment units deployed, labour hours, energy units
	Defined denominators. Actual use: reconciled registers, time records and metering.
	Operations / Finance

	Consequence boundaries
	Separate equipment, labour and electrical-interruption consequences
	Hypothetical loss categories; no duplicate interruption expenses or planned electricity cost.
	Risk / Finance

	Reference coefficients
	(4,1,0.5), illustrated by Table S17
	Stipulated; ledger arithmetic does not establish constancy or empirical validity.
	Risk owner

	Production prices
	5, 20 and 2 per resource unit
	Stipulated; actual use requires consistent-period cost records.
	Finance

	Share package
	50% equipment retention; premium 0.8K
	Stipulated proportional contract without limits. Actual use: contract terms and recoverability.
	Insurance / Finance

	Reduce package
	Equipment coefficient 1.6; fixed expenditure 100
	Stipulated 60% effect. Actual use: effectiveness evidence; baseline ledger alone is insufficient.
	Programme owner

	Appetite criterion
	A = 250 in the input example
	Governance assumption, not an estimate of Capacity or automatically selected Tolerance.
	Authorised management

	Sensitivity and release
	S13.5; stored input version, solution and review triggers
	Test consequential assumptions. Do not turn scenarios into probability statements.
	Risk challenge / management


The functions are suggested responsibilities within existing governance, not a prescribed organisation chart. A real register records specific owners and evidence locations.
S14.4. Calculation provenance and scope of verification
The targeted module reads the unchanged fixed-coefficient benchmark functions for marginal calculations and defines the additional activity example separately. It writes derivative tables, response switches, all activity-branch solutions, selected plans, fixed-input sensitivities, vector-target comparisons and the constructed ledger. It does not read former variable-coefficient simulation files, generate random samples or estimate an endogenous risk-appetite preference.
The checks compare the two-factor derivative with central finite differences at interior points; compare every activity LP optimum with a separate vertex method and the declared-target closed form; verify production, availability, loss feasibility and cost accounting; test dual slopes inside linear segments; and confirm immutable coefficients on the performance path. A repeated run compares hashes of the released targeted numerical outputs. The individual checks and software environment are in targeted_results.json. These are reproducibility and implementation checks under the stated assumptions; they are not an empirical validation of the input values or of organisational outcomes.
S15. Economic objective and insurance-pricing comparisons
S15.1. Committed expenditure and expected total cost
The primary objective C is the expenditure authorised for the assessment period. The expected retained loss R is controlled by a separate criterion A and remains visible alongside the recommendation. This corresponds to a budget-allocation mandate, not to a universal economic ranking of all feasible plans. With benefits and targets held fixed, an alternative expected-financial-cost objective adds the retained loss once:
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Both problems use the same technical set, response menu and risk constraint. Premiums are already included in C, while R is after the specified recovery; adding C and R does not add the insurance recovery twice. The secondary tie-break minimises R on the primary-optimal set for either objective. Severe losses, liquidity and non-financial obligations are not inferred from this sum.
Table S19 reports both optimisations. At A = 430, the expenditure rule selects N with C = 1,213.925926 and R = 430. The expected-total-cost rule selects RD with C = 1,288 and R = 223.8. Thus 1,643.925926 and 1,511.8 are different economic totals for two admissible plans. At A = 420 and A = 300 the expenditure rule selects SH, but the expected-total-cost rule still selects RD. At A = 250 and below in the listed cases, they agree. Neither objective is presented as an estimate of the value of ERM.
Table S19. Two economic objectives over identical feasible sets in the activity model.
	Criterion €
	Objective
	Regime
	Expenditure C €
	Expected loss R €
	C + R €

	430
	C
	N
	1,213.93
	430.00
	1,643.93

	430
	C + R
	RD
	1,288.00
	223.80
	1,511.80

	420
	C
	SH
	1,258.40
	259.00
	1,517.40

	420
	C + R
	RD
	1,288.00
	223.80
	1,511.80

	250
	C
	RD
	1,288.00
	223.80
	1,511.80

	250
	C + R
	RD
	1,288.00
	223.80
	1,511.80

	220
	C
	RD
	1,356.21
	220.00
	1,576.21

	220
	C + R
	RD
	1,356.21
	220.00
	1,576.21


Targets (100,80), capacities (100,80,140), nominal premiums and programme effect. C is committed expenditure; C + R is expected total financial cost in the stated period. Both are minimised with R ≤ A.
The result makes the mandate explicit. Choosing less committed expenditure is not a claim that retained expected losses have no cost. An application must state why that mandate is appropriate, report both C and R, and permit management to adopt a different decision criterion where warranted. Benefits that differ between alternatives would require an additional value or service assessment, rather than simply minimising the sum of financial outflows.
S15.2. Premiums relative to the organisation’s assessed recovery
The activity contract halves the baseline equipment coefficient from 4 to 2, giving assessed expected recovery of 2 per equipment exposure unit. Its nominal premium 0.8 per unit is only 40% of that amount. This is a stipulated comparison, not an actuarially calibrated quotation. The model does not infer the insurer’s information, expenses, capital needs or pricing rule from the organisation’s coefficient.
For all-automated output (100,80), equipment exposure is 88. Assessed expected recovery is therefore 176, while the nominal premium is 70.4. To test the influence of this favourable price, the calculation replaces the premium with 1, 2, 2.4, 3 and 4 per equipment unit. Coverage and all other coefficients remain unchanged. Premium 2 equals the assessed recovery per unit; 2.4 is 20% above it. These comparisons are not statements about market prices or actuarial fairness.
Table S20 presents selected cases with programme charge 100. The complete output covers six premium levels, two programme charges (100 and 200) and six criteria, with each regime reoptimised in every case. At premium 2.4, N is selected at A = 420 and RD at A = 300, replacing the nominal SH choices. RD remains selected at A = 250. Hence the presence and width of a Share region cannot be treated as independent of the assumed premium.
Table S20. Insurance-price sensitivity with a €100 programme charge.
	Premium / K €
	Premium / assessed recovery
	Criterion €
	Choice
	Expenditure €
	Loss €

	0.80
	0.40
	420
	SH
	1,258.40
	259.00

	0.80
	0.40
	300
	SH
	1,258.40
	259.00

	0.80
	0.40
	250
	RD
	1,288.00
	223.80

	2.00
	1.00
	420
	N
	1,265.78
	420.00

	2.00
	1.00
	300
	RD
	1,288.00
	223.80

	2.00
	1.00
	250
	RD
	1,288.00
	223.80

	2.40
	1.20
	420
	N
	1,265.78
	420.00

	2.40
	1.20
	300
	RD
	1,288.00
	223.80

	2.40
	1.20
	250
	RD
	1,288.00
	223.80

	3.00
	1.50
	420
	N
	1,265.78
	420.00

	3.00
	1.50
	300
	RD
	1,288.00
	223.80

	3.00
	1.50
	250
	RD
	1,288.00
	223.80


Assessed expected equipment recovery is €2 per exposure unit under the nominal loss assumptions. These ratios compare stipulated prices with the organisation’s assessment, not observed market rates. Every row is reoptimised.
The cost jump in S12.3 is also conditional on the response menu. N, IK and IL are indivisible alternatives with specified proportional recovery and price. Fractional coverage, combined contracts, deductibles or another programme would alter that menu and possibly the discontinuity. The reported derivative and switch costs are valid for the stated alternatives; they are not claimed as universal properties of enterprise risk curves.
S16. Selected-plan stress tests and programme effectiveness
S16.1. Separate the assessment of the commitment from a new optimum
Let (s₀,x₀) be the plan selected under nominal inputs. For a scenario θ, the unchanged-plan assessment is
	
	(S36)


Only the scenario inputs change. Its output, route quantities and package remain fixed. The scenario coefficients are constants within that scenario, not functions of output. This first calculation answers whether the financial criterion still holds for the proposed commitment. Reoptimising x within s₀ answers a second question: whether another allocation using the same package can restore feasibility. Reoptimising across all s answers a third: which package would be chosen in a fresh appraisal. These three results must not be conflated.
The nominal plan at A = 250 is RD with x₀ = (100,0,80,0), resources (88,26,114), C = 1,288 and R = 223.8. The same plan gives R = 268.56 under the +20% coefficient scenario and R = 259 if the programme achieves only 50% equipment-loss reduction. Both exceed the criterion. Table S21 first reports these unchanged-plan results, then the least expenditure with the same package and the choice in a fresh cross-package appraisal.
Table S21. Unchanged nominal plan, same-package reallocation and fresh package appraisal.
	Scenario
	Unchanged loss €
	Meets €250?
	Same RD cost €
	New package
	New appraisal cost €

	Coefficient level 80%
	179.04
	Yes
	1,288.00
	SH
	1,258.40

	Nominal
	223.80
	Yes
	1,288.00
	RD
	1,288.00

	Coefficient level 120%
	268.56
	No
	1,565.61
	RD
	1,565.61

	Programme effect 50%
	259.00
	No
	1,402.55
	SH
	1,367.71

	Programme effect 40%
	294.20
	No
	1,723.77
	SH
	1,367.71


Frozen plan: RD, x = (100,0,80,0), expenditure €1,288. Same-package and fresh-appraisal plans satisfy the criterion. All costs are for a whole planning period; sunk costs, transition costs and elapsed operations are not modelled.
With 20% higher coefficients, keeping RD but moving 39.658120 units of B to its manual route gives C = 1,565.606838, R = 250 and labour 45.829060. The difference of 277.606838 from nominal expenditure prices an alternative full-period allocation. It is not a forecast of actual mid-period adjustment cost. With 50% programme effectiveness, reallocation within RD gives C = 1,402.545455; a new cross-package appraisal instead selects SH at 1,367.709091.
All comparisons assume the same planning horizon before binding operational commitments. Once programme charges are sunk, insurance contracts signed or activity performed, a new decision must represent remaining exposures, switching costs, timing and contractual restrictions. No refunds or costless recourse are assumed. The scenario table gives neither a probability of a criterion breach nor a confidence guarantee. It tests stated assumptions, and identifies what information and flexibility management would need.
S16.2. Effectiveness thresholds answer different questions
Keep baseline coefficients, premium 0.8, programme charge 100, targets (100,80) and A = 250. Vary only the fractional equipment-loss reduction d. Each alternative assessment has fixed programme coefficient 4(1−d). The unchanged all-automated programme plan has R = 435 − 352d, so it meets the criterion when d ≥ 185/352 = 0.525568182. This is a feasibility threshold for one resource allocation.
The response-preference threshold allows allocation to change. Near the switch between SH and RD, only B needs a manual route change. The programme requires
	
	(S37)


The best SH plan costs 1,367.709091. Equating this amount to the programme expenditure gives d = 0.508200421. The root is checked numerically by independently solving both regime problems. With programme effectiveness strictly above this threshold, the programme is cheaper locally; below it, SH is cheaper. At equality both satisfy R = 250 and tie in expenditure; the declared regime-code order selects RD. This coding choice conveys no preference beyond the tied financial quantities.
Table S22. Effectiveness sensitivity: programme feasibility and response preference.
	Equipment reduction
	Unchanged RD loss €
	Best RD cost €
	Manual B in RD
	Choice
	Chosen cost €

	30.000%
	329.40
	1,946.00
	80.000
	SH
	1,367.71

	40.000%
	294.20
	1,723.77
	62.254
	SH
	1,367.71

	50.000%
	259.00
	1,402.55
	16.364
	SH
	1,367.71

	51.000%
	255.48
	1,359.84
	10.262
	RD
	1,359.84

	52.000%
	251.96
	1,314.49
	3.784
	RD
	1,314.49

	52.557%
	250.00
	1,288.00
	0.000
	RD
	1,288.00

	60.000%
	223.80
	1,288.00
	0.000
	RD
	1,288.00


Criterion €250; programme charge €100; nominal SH premium €0.80 per equipment unit. The output file includes infeasible low-effectiveness cases. Coefficients are fixed within each effectiveness scenario.
At d = 0.50, RD remains feasible through reallocation but SH costs less. At d = 0.51, RD becomes the least-expenditure response even though its all-automated plan still fails the criterion. At d ≥ 0.525568182, no reallocation is needed at the stated target. A baseline loss ledger establishes none of these programme effects; implementation evidence, engineering assessment or a documented elicitation is needed. The thresholds identify which effectiveness claims are consequential, rather than establishing their truth.
S17. Binding equipment and energy constraints
The new cases use exactly the activity matrix, prices, package effects and targets in S13. Only the resource availability vector changes. The closed-form B-first loss-reduction solution in S13.3 is not assumed to solve these different feasible sets. Every branch is solved with its full constraints and checked by independent vertex enumeration.
Table S23 reports A = 250. Tightening equipment availability to 60 units selects SH with x = (100,0,10,70), K = 60, L = 61, E = 79, C = 1,726 and R = 220.5. Tightening energy instead to 80 units selects SH with x = (100,0,12,68), K = 60.8, L = 60, E = 80, C = 1,712.64 and R = 221.6. Under baseline availability, RD with all routes automated is selected. The examples therefore show a change of both allocation and response without changing any loss coefficient.
Table S23. Binding resource availability changes the plan or makes the target infeasible.
	Availability scenario
	Choice
	Expenditure €
	Loss €
	Labour hours
	Energy units

	Baseline
	RD
	1,288.00
	223.80
	26.00
	114.00

	Equipment limit 60
	SH
	1,726.00
	220.50
	61.00
	79.00

	Energy limit 80
	SH
	1,712.64
	221.60
	60.00
	80.00

	Energy 80 and labour 58
	Infeasible
	—
	—
	—
	—


Targets (100,80); criterion €250. Baseline limits are (K,L,E) = (100,80,140). Only stated resource limits change; prices, coefficients and response effects stay fixed. Full activity and resource quantities for every branch are in the computational files.
In the energy-limited case, the same route mix under RD costs 1,764 and gives R = 197.28. It has lower expected loss but higher committed expenditure than SH. The energy constraint has a stage-1 cost multiplier of −13.36: in a small neighbourhood, one additional energy unit reduces the SH branch’s least expenditure by 13.36. A finite-difference check confirms this local value. It is a marginal value of the resource limit, not a loss coefficient or a two-sided price at every active-set change.
The joint energy–labour infeasibility has a direct explanation. With v_A and v_B manual quantities, energy savings relative to the automated plan are 0.3v_A + 0.5v_B, while added labour is 0.4v_A + 0.5v_B. Added labour is at least as large as the energy saving in these numerical units. An energy limit of 80 requires savings of at least 34, so labour must be at least 26 + 34 = 60. A simultaneous labour limit of 58 makes exact output infeasible for every package. This is a bound derived from the stated recipes, not a claim of physical interchangeability of labour and energy units. A programme or insurance contract that changes only financial consequences cannot repair a technical infeasibility.
S18. Lexicographic selection and computational verification
S18.1. Within-regime selection
For a regime with a nonempty feasible set Fₛ = {x in Xₛ(y): Rₛ(x,y) ≤ A}, let Jₛ be Cₛ for the expenditure mandate or Cₛ + Rₛ for the expected-total-cost comparison. The mathematical priorities are
	
	(S38)


The implementation solves the primary LP, then solves a second LP minimising expected loss with the primary optimum fixed by equality. It then successively minimises x₁, x₂, x₃ and x₄, fixing all earlier objective values and previously selected coordinates by equality. The final result is checked against the original output, resource, loss and nonnegativity constraints and the stored optimum values. Constant programme charges are included when comparing regimes; they do not affect within-regime primary cost coefficients.
HiGHS primal and dual feasibility tolerances are 10⁻⁹. The code rejects a final original-constraint or objective-face residual greater than 2 × 10⁻⁷ in the corresponding model units. Across regimes, objective differences no greater than €10⁻⁸ are treated as ties, followed by the same tolerance for expected loss and then the regime code. These are numerical conventions, not economically material preference bands. The selected coordinates are deterministic in the verified environment. Reported marginal cost and resource multipliers come from the primary LP, never from the loss or coordinate tie-breaking stages.
The vertex check eliminates the exact output equations and enumerates all intersections of boundary lines in the two manual-route coordinates. It compares the primary objective, then expected loss among tied primary vertices, then the activity-vector order. This is a separate optimisation route to the same problem. It verifies the secondary selection as well as the primary cost.
S18.2. A degenerate case with equal expenditure and different risk
Set production prices to (5,5.25,2), retaining the baseline activity technology, coefficients, targets, resource limits and a non-binding criterion A = 500. Table S24 compares an expenditure-optimal allocation that is not secondary-optimal with the lexicographically selected allocation. Both cost 774.50. The selected vector (65,35,0,80) has expected loss 293.75 rather than 327, and respects K = 45.5, L = 80 and E = 63.5. The regression test confirms the lower-risk selection and its repeatability. Additional tests cover a completely flat primary objective, a flat primary and secondary objective, and ties between response regimes.
Table S24. Equal expenditure does not determine the reported risk profile.
	Allocation
	Auto A
	Manual A
	Auto B
	Manual B
	Cost €
	Loss €

	Cost-optimal, not secondary-optimal
	100
	0
	0
	80
	774.50
	327.00

	Lexicographically selected
	65
	35
	0
	80
	774.50
	293.75


Constructed regression case: production prices (5,5.25,2), criterion €500; otherwise baseline activity inputs. Stage 2 selects the lower-loss member of the primary-optimal set. No published baseline cost result is invalidated by this test.
S18.3. Scope of reproducibility
The benchmark module runs 709 checks, the activity and marginal-cost module runs 4,578 checks, and the review-comparison module runs 2,948 checks. These include feasibility agreement, independent objective and secondary-loss checks, output and resource accounting, original-constraint residuals, closed-form solutions where applicable, and finite-difference checks of local prices. The comparison module covers both economic mandates, premium scenarios, programme-effectiveness scenarios, unchanged-plan tests, resource scarcity and degeneracy. The number of tests is not a measure of empirical model quality.
The verify_reproduction.py script reruns all three numerical modules in an isolated directory and compares the numerical output files with the released results. Environment versions and named checks are retained in JSON. Bit-for-bit agreement is reported only for the same verified environment; other versions should also be compared numerically. There are no randomly generated samples, fitted company coefficients or organisational effectiveness estimates in this material. The source/provenance record distinguishes retained assumptions, newly constructed scenarios, established mathematical methods and derived results.
References
Author (n.d.) Developmental study on risk, performance and resilience in water and wastewater services. Supplied working study, Sections 4.9 and 7.3–7.4. Identifying details withheld for anonymous review.
Aven, T. (2004) On how to approach risk and uncertainty to support decision-making. Risk Management 6(4): 27–39. doi:10.1057/palgrave.rm.8240196.
Aven, T. (2010) An integrated framework for decision support on risk and uncertainty. Risk Management 12(4): 285–300. doi:10.1057/rm.2010.6.
Boyd, S. and Vandenberghe, L. (2004) Convex Optimization. Cambridge: Cambridge University Press. doi:10.1017/CBO9780511804441.
COSO (2017a) Enterprise Risk Management—Integrating with Strategy and Performance. Volume I. Committee of Sponsoring Organizations of the Treadway Commission.
COSO (2017b) Enterprise Risk Management—Integrating with Strategy and Performance: Appendices. Volume II. Committee of Sponsoring Organizations of the Treadway Commission.
Crawford, J. and Jabbour, M. (2024) The relationship between enterprise risk management and managerial judgement in decision-making: A systematic literature review. International Journal of Management Reviews 26(1): 110–136. doi:10.1111/ijmr.12337.
Dantzig, G.B. (1963) Linear Programming and Extensions. Santa Monica, CA: RAND Corporation, R-366-PR. doi:10.7249/R366.
Donnelly, R., Clement, J., Le Heron, R. and St George, J. (2012) Redesigning risk frameworks and registers to support the assessment and communication of risk in the corporate context: Lessons from a corporate risk manager in action. Risk Management 14(3): 222–247. doi:10.1057/rm.2012.3.
Gleißner, W. and Berger, T.B. (2024) Enterprise risk management: Improving embedded risk management and risk governance. Risks 12(12): 196. doi:10.3390/risks12120196.
Marc, M., Arena, M. and Peljhan, D. (2023) The role of interactive style of use in improving risk management effectiveness. Risk Management 25: 9. doi:10.1057/s41283-023-00114-4.
NIST/SEMATECH (n.d.) e-Handbook of Statistical Methods. Section 8.4.5.1, Constant repair rate (HPP/exponential) model. National Institute of Standards and Technology. https://www.itl.nist.gov/div898/handbook/apr/section4/apr451.htm (accessed 4 October 2026).
Nocco, B.W. and Stulz, R.M. (2006) Enterprise risk management: Theory and practice. Journal of Applied Corporate Finance 18(4): 8–20. doi:10.1111/j.1745-6622.2006.00106.x.
Varian, H.R. (2010) Intermediate Microeconomics: A Modern Approach. 8th edn. New York: W. W. Norton.
1
image3.png
Assessed risk: expected retained loss (€

per period)

2000 A

1500 -

1000 -

500 A

—— Fixed equipment K = 50 —— Fixed equipment K = 400
—— Fixed equipment K =100 —— Fixed equipment K = 800
—— Fixed equipment K = 200 — = Risk Appetite criterion: €98

200 400 600 800 1000
Performance: output per period

1200

1400




image4.png
N
o

[
Ul

Additional expenditure per unit
of expected-loss limit reduction (€ / €)

A = 973:€6.90 per €1 A = 974: €0.97 per €1

DA

973.00 973.25 973.50 973.75 974.00 974.25 974.50 974.75 975.00
Risk Appetite criterion A (€ expected loss per period)




image5.png
Assessed residual risk
(expected retained loss, € per period)

500 A
== NO additional response

== = Share: equipment insurance
+ Reduce: equipment programme
400 H —:- Risk Appetite criterion: €250

300 A

200 A

O I I I I I T T

20 30 40 50 60 70 80 90 100
Performance path: output A = g and output B = 0.8¢

110




image1.png
Assessed risk: expected retained loss (€

per period)

1400 A

1200 -

1000 -

800 A

600 -

400 A

== Reference: no additional response
== = Alternative operating strategy
----- Risk Appetite criterion: €980

400 600 800 1000 1200
Performance: output per period

1400




image2.png
5000 A

4500 A

= 4000 A

3500 A

Least expenditure meeting Risk Appetite (€
per period

- Reference: no additional response

== == Share: labour insurance o
= Share: equipment insurance o

— - Expenditure budget: €3,500

et / Largest supported target
ot P 1,523.81 units
“‘ /’
““ ”
3000 A P
IR -~
““ ’/
"‘ /’
ot -~

2500 A - /

1000 1200 1400 1600 1800

Performance Target: output per period

\d
A
—.—.—.—.—.—.—.—.—.—.—.—r'.'—.—.—.#.\—.—.—.—.—.—.—.—.—.—.—.
.
Ad




