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Portfolio optimization

A case study in systematic security selection
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Executive summary

Portfolio optimization replaces manual security selection with a rules-based, automated process that
improves outcomes and handles complex constraints. This whitepaper explains how institutional investors can
apply optimization to sharpen decisions and simplify portfolio management.

Optimization tools manage constraints, run fast scenario analyses, and surface opportunities that manual
methods often miss. They're especially effective for portfolios with requirements like liability matching, credit
guidelines, and regulatory limits.

Through a real-world case study, we show how optimization helps portfolio teams assess trade-offs, make
defensible decisions, and measure the cost of constraints while staying aligned with governance standards.
A primer in portfolio optimization

Optimization finds the best solution to a problem within predefined limits. In optimization terms, we use
"objective function” and "constraints’ to describe these two aspects. The optimizer aims to either maximize or
minimize the objective function.

For example, imagine a postman delivering mail. He tries to minimize delivery time (objective) while delivering
all the mail (constraint).

Formally:

Minimize t
Subject to: delivered(i) = 1 for each i in [EN]

Finding a solution can be a creative process. Different methods can be used, affecting both solution quality
and computation time. Portfolio managers often approach the same problem differently. One might maximize
returns with environmentally friendly investments, while another integrates specific research insights.

Portfolio optimization transforms manual security selection into a
systematic, quantifiable approach.
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Optimization and numerical methods

Once the problem is defined, the optimizer can consider various methodologies for reaching a solution. Some
methods are thorough but slower, while others are faster but might miss potential solutions. The “best” method
depends on the problem.

Consider our postman who must visit three houses: A, B, and C. Vertical paths take 6 minutes, horizontal ones 8
minutes, and diagonal ones 10 minutes.

We can list all possible solutions and select the one that minimizes overall time:

Path Time (minutes)
Home - A-B - C - Home 36 (10+8+10+8)
Home — A - C - B- Home 32(10+6+10+86)
Home —B— A- C - Home 28(6+8+6+8)
Home —B—C- A - Home 32(6+10+6+10)
Home — C — A- B - Home 28(6+8+6+8)
Home — C - B- A- Home 36 (10+8+10 +8)

The optimal solutions are Home - B - A- C — Home or Home - C — A - B—- Home.
This demonstrates two key concepts:
+ The optimization solution isn't always unique
+ Exploring all scenarios can be impractical, thus requiring more sophisticated methods

For example, we could note that taking diagonal paths are never efficient and should only explore paths
without them:

Path Time (minutes)
Home - B - A-C - Home 28(6+8+6+8)
Home - C - A- B- Home 28(6+8+6+8)

The results coincide with the solutions found above.
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Portfolio managers should consider the problem'’s nature and choose methods that balance efficiency
and accuracy. Sometimes finding a "good enough” solution quickly is better than spending valuable time
searching for the perfect solution.

Portfolio optimization: Asset allocation vs. security selection
Portfolio optimization commonly refers to two distinct applications: asset allocation and security selection.

Asset allocation distributes portfolios across asset classes. Security selection chooses individual securities
within an asset class to achieve investment objectives defined in the investment policy statement (IPS). Welll
briefly cover both but focus primarily on security selection.

Asset Allocation Security Selection Within

Corporate Bonds Allocation
5%

10%

30% 20%

15% 50%
30%
40%
Fixed Income @ Equities @® Corportate Bond Cusip ABC
® Commodities @ Alternative @® Corporate Bond Cusip DEF
® Cash Investments Corporate Bond Cusip GHJ

Asset allocation can include broad classes (fixed income, equities, commodities) or more detailed divisions
(sectors, geography). This typically uses mean-variance optimization (MVO) where portfolio risk and return are
determined by measured return, variance, and covariance of asset classes. The optimal portfolio maximizes
return while satisfying risk tolerances and investment objectives. For example, risk-tolerant policies might favor
equities, while risk-averse approaches may lean toward fixed income.

Security selection identifies specific assets within allocated asset classes. Both processes work together
to achieve investment objectives. This paper assumes asset allocation and IPS are established. We will be
focusing on managing portfolio positions, specifically fixed-income security selection by a state government

While these optimization concepts provide the foundation, real-world implementation requires specialized
tools. Portfolio managers face daily decisions involving hundreds of securities and complex constraints —
challenges that exceed what manual spreadsheets can handle. Effective optimization demands reliable data
integration, repeatable processes, and the ability to evaluate scenarios quickly while maintaining compliance.
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Portfolio optimizer solutions

Transitioning from theory to practice requires effective tools. A portfolio optimizer enables users to input
existing portfolios and investable universes, configure objective functions, and specify constraints. The software
then generates an optimized solution while meeting requirements that maximize or minimize the chosen
objective.

Note: Screenshots reflect Clearwater's current desktop Portfolio Optimizer. An enhanced web-based interface
will be available in H2 2025.

Process automation

The first step is reliably streamlining data intake for the investable universe. A model is only as good as its input
data, which should meet the following criteria:

« Accuracy: Free from errors and reflecting true values

+ Timeliness: Relates to present circumstances

+ Relevance: Pertinent to the decision at hand

« Completeness: Including all necessary information to avoid partial or skewed understanding

Process automation is crucial to meeting these requirements. Manual data processing makes it difficult to
maintain accuracy, completeness, and relevance. A key feature of a good portfolio optimizer is integration with
existing data systems.

The second challenge is repeatability. Portfolio optimization is an ongoing process that managers must
replicate for auditing and keeping investment decisions current. Monitoring, trading, and auditing require
automation, so analysts can focus on optimization parameters and results, rather than manually reviewing
each step as they would with spreadsheets.

A portfolio optimizer enables more efficient and reliable decision-making for any organization investing cash —
including asset managers, insurance companies, government entities, and corporations.

Decision-making vs. black boxes

Investment decisions require balancing mathematical optimization with portfolio manager judgment. Portfolio
optimizers solve problems systematically — they satisfy constraints and find portfolios that maximize/minimize
the objective function without second-guessing. This is especially true for point-in-time optimization without
scenario projections. As objective functions become more complex and algorithms more sophisticated,
understanding the optimizer's steps becomes harder, risking "black box" decision-making.

Since portfolio managers are accountable for their decisions during audits and downturns, they cannot rely
solely on optimizer outputs. When reviewing solutions, effective managers will:

+ Check for unusual securities and verify underlying data
+ Evaluate trade sizes for practicality

» Estimate transaction costs
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« Identify constraints that limit the solution
+ Consider how relaxing constraints might affect outcomes
+ Assess solution stability over time

This questioning helps build a narrative around the solution that satisfies stakeholders and bolsters decision-
making. The case study below illustrates this reasoning.

Case study: Optimization in action

To demonstrate how portfolio optimization works in practice, we'll examine a real-world case study of a U.S.
state government that used Clearwater's optimizer to improve their portfolio performance. This analysis will
show:

1. How to set up an optimization problem
2. The importance of well-designed constraints
3. How to evaluate and interpret optimization results
4. The financial impact of differing constraint choices
We start with a portfolio of short-term U.S. treasuries and use a separate portfolio of broker offerings as the

investable universe (constructed from the Wilshire Gov/Corp index).

Solution Portfolio Statistics

Effective duration 221
Effective d2 0.64
Effective d3 1.45
Cash flow yield 2.50
Current yield 3.86
Average coupon 3.854
Average price 99.871
Years to maturity 235
Turnover 5 0.00
Starting value $ 60,279,724.73
Ending value $ 6027972473

Vanilla yield optimization

Running the optimizer without constraints on our opportunity set produces an underwhelming result. The entire
portfolio value is invested in the highest-yielding security available. This creates a highly concentrated portfolio
with a lower credit rating and a different duration. This approach hardly requires specialized software but
demonstrates how linear optimizers work and why well-designed constraints matter. The optimizer is rigid with
a goal that does not consider practical limitations unless explicitly specified.

Horizon Optimization (Wilshire 90-Day)
Opt_Demo_2 on 10/16/2024

Transaction Report

2etn Par saciD Daseription Coupon Wotunty  Sect  Moody  saP Prics  Acorua cFvia EDUR 02 epsc ax Enapar xt

Buy 78513 030098AF AMERICAN STORES CON 8,000 06/01/2026 1 Caal 99250 3000 84933 145 029 071 003 78513 100.00
Sell 10000 91262CLB UNITED STATES TREAS 4.375 07/31/2026 TREA Aza 100.664 0.915 3.9841 169 038 0.90 0.04 o 0.00
Sell 10000 91282CLH UNITED STATES TREAS 3750 08/31/2026 TREA Aaa 99613 0477 39645 178 041 0.8 004 o 0.00
Sell 10000 91282CLP UNITED STATES TREAS 3.500 09/30/2026 TREA Aaa 99191 0154 39330 187 04s 1.068 004 il 0.00
Sell 10000 91282CKZ UNITED STATES TREAS 4375 0715/2027 TREA Aaa 101.312 1.106 3.8650 254 0.81 1.80 0.08 1] 0.00
Sell 10000 91282CLG UNITED STATES TREAS 3.750 08/15/2027 TREA Aza 99711 0.632 38572 265 oer 1.91 0.09 o 0.00
Sell 10000 91282CLL UNITED STATES TREAS 3375 09/15/2027 TREA Aaa 98734 0289 38375 274 082 202 009 o 0.00

1 issue In solution
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State government use case

This real-world case involves a U.S. state government managing public funds. It needs to meet operational
obligations while avoiding significant credit or currency risk. It prefers keeping existing investments and focuses
on investing in available cash to maximize yield.

These constraints can be challenging to navigate daily without the proper infrastructure. Optimizers that
handle these constraints while accurately integrating data are invaluable in such situations. Trading securities
is a common process, and portfolio optimizers add significant efficiency.

Setup typically involves defining:

- Objective function: Metric to optimize (e.g. maximize portfolio yield)

- Investable universe: Available securities to purchase (e.g. USD fixed income securities)

- Constraints: Set of conditions to be met by the solution portfolio (e.g. only investment-grade securities)
Once defined, the portfolio optimizer will take care of data integration and solution finding.

In this case, we load existing holdings, specify available cash ($20M), and define the objective function
(maximize cash flow yield). We enable "Specify Liability to Match” since this government must meet defined
liabilities.

~Targsts

Effective Duration I:l Years
Effective 02 I:l Years

Effective D3 Years

¢ Liability. Reinvestment. and Taxes
/' Specify Liability to Match

Specify Reinvestment Rates

Specify Borrowing Rates

Use Pre- | After-Tax Flows
Pre-Tax Cash Flows

 Total Market Value

Portfolio $ 60.279.72473
Amnount: 20.000,000.00
(©) Contribution () ithdrawal

() Target Market Value

Objective Type
( Mirirnize (©) Maximize

~Objective Iterm
Cash Flow Yield

Yield to Maturi

Duration to Maturity

Effective Duration

Effective D2

Effective D3

Corvexty

Effective Spread

Cutstanding Value

Turnover

After-tax Yield to Maturity
After-tax Cash Flow Yield
Edur-weighted Cash Flow Yield
Edur-weighted Effective Spread
Custom Function

Loaded Funiction

oK

Flow Date
[06130/2025
09/30/2025
1243112025
0343112026
06730/2026
0973042026
1243112026

Load Save

Cancel

Dates / Times

Date Dates
Amount [5] -
500,000.000 =
500,000.000 Ingert
500,000.000
500,000.000
1,000,000.000
500,000.000
35,000,000.000 Delste
Delete All
-
Save As Done Cancel
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We set these constraints:

1. Investments must be from the defined investable universe (OPT_DEMO_1), containing only USD securities

2. Securities must be investment grade according to Moody's rating

3. Current portfolio securities (OPT_DEMO_2) cannot be sold

4. Purchases should be in 1,000-unit lots

™7 Horizon Optimization Candidate Screen

Screen Date: l:l Curent # of securities: 5025 Clear

Screen Criteria:

Sec D iz in Opt_Demo_1
MOODY is Aaa or MOODY iz Al or MOODY is Aa2 or MOODY iz 823 or MOODY iz Aa or MOODY is A1 or MOODY is A2 or MO

] il »
Screen Criteria Screen Yeighting Scieen Results
AddModiy Delete () Equal Par Save
() Dutstanding
Scieen Delete All ©) Holdings Wiew
Load... Mew Save Save As... Done Cancel

W7 Horizon Optimization Constraints

# Tppe Condition Range
1: CON EEEP »= 100.000% of current hoFor Sec ID is in Opt_ Demo_2

2: N Lot = 1000.000 For Global

Database

Constraints

&dd ¢ Modify

Load oK

Delete Al

Delete Save Cancel

Relaxing the selling constraint has the greatest impact, increasing yield
from 4.56% to 6.43% - a constraint cost of 1.87%

clearwateranalytics.com | 9


https://clearwateranalytics.com

The solution provides several reports:

« Transaction Report: Shows actions (hold/sell) on existing securities and new purchases, with key features
like maturity date, price, duration, and convexity

Portfolio Statistics: Compares solution statistics like duration and yield with the starting portfolio

 Constraint Report: Summarizes whether the optimizer met all constraints

Liability Matching: Shows solution portfolio cash flows against liabilities

Horizon Optimization (Wilshire 90-Day)
Opt_Demo_2 on 10/16/2024

Transaction Report

Aatn Par 28010 Duzaription Coupan Mator#y  Seot  Mocdy  22P Price Asonze cFie EDUR =2 Eoac vex End Par it

Buy 2000 IMHIN FEDERAL HOME LN MTG 5.875 1171572028 AGCY Aaa 00.877 2484 62030 040 D.12 025 -0.50 2000 255
Buy 24227 623115AD THE MOUNT SINAI HOSP 3031 07/01/2048 1 A3 72242 1.161 6 5885 11.18 045 707 173 24227 2238
Hold 10000 01282CLB UNITED STATES TREAS 4375 07/31/2026 TREA Aaa 100664 0915 30841 162 038 090 oos 10000 1265
Hold 10000 21282CLH UNITED STATES TREAS 3750 083172026 TREA Aaa 00.612 0477 3.0645 1.78 041 008 0.04 10000 1247
Hold 10000 01282CLP UNITED STATES TREAS 3500 0302026 TREA Aaa f==Ri-] 0154 30330 187 045 106 oos 10000 1237
Hold 10000 01282CKZ UNITED STATES TREAS 4375 071152027 TREA Aaa 101.312 1.108 3.8650 254 n.e1 180 0.08 10000 1278
Hold 10000 01282CLG UNITED STATES TREAS 3750 08/1572027 TREA Aaa a7 0832 38572 265 087 181 ooa 10000 1250
Hold 10000 p1282CLL UNITED STATES TREAS 3375 0152027 TREA Aaa 28734 0.280 3.8375 274 D2 pdli=] 0.00 10000 12.33

The last six rows show existing assets with "hold” action, as requested. The optimizer suggests buying two new
securities:

« Security 1: Purchase 2,000 units (meeting the 1,000 multiple requirement) of AAA-rated bond with high yield,
maturing in 2028

* Security 2: Purchase larger quantity of AAA-rated bond with slightly higher yield, maturing in the distant
future

To verify liability coverage, we check portfolio cash flows:

Cash Flow Report for Liability:

Date Carryover Coupon Principal Inflow Liability Net Balance
06/30/2025 0 1731,841 2,000,000 3,731,841 500,000 3,231,841 3,231,841
09/30/2025 3,231,841 1,638,494 0 1,638,494 500,000 1,138,494 4,370,336
1213112025 4,370,336 0 0 0 500,000 -500,000 3,870,336
03/31/2026 3,870,336 1,638,494 0 1,638,494 500,000 1,138,494 5,008,830
06/30/2026 5,008,830 0 0 0 1,000,000 -1,000,000 4,008,830
09/30/2026 4,008,830 1,638,494 30,000,000 31,638,494 500,000 31,138,494 35,147,324
1213112026 35,147,324 0 0 0 35,000,000 -35,000,000 147,324
Total 0 6,647,324 32,000,000 38,647,324 38,500,000 147,324 147,324

The balance column remains positive for all liability dates, satisfying the constraints. The final balance is small,
which is appropriate since maximizing yield requires minimizing uninvested cash.

Note the first row shows principal payment in 2025, though no securities mature that year. Investigation reveals
security 3134HIJV has a callable feature expected to be exercised on April 1, 2025. This demonstrates how the
optimizer interacts with security modeling to project cash flows accurately.
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The major principal payment in late 2026 comes from three maturing securities in the current portfolio. These
inflows, with previous payments, provide sufficient cash for the large final liability.

The solution portfolio improves yield from 3.91% to 4.56%, a 65bps increase:

Solution Portfolio Statistics

Effective duration 417
Effective d2 260
Effective d3 268
Cash flow yield 4.56
Cumrent yield 435
Average coupon 3.937
Average price 92 305
Years to maturity 717
Turnover $ 0.00
Starting value $ 6027972473
Ending value $ 8027972473

Relaxing constraints

Relaxing or removing one constraint at a time allows us to investigate their costs. Here we outline the various
combinations of constraints removal along with the resulting portfolios and final yields.

Here are the main constraints:
« Liability constraint: Meet the given liabilities
* Rating constraint: Invest only in investment-grade securities

 No selling constraint: Use only available cash to purchase new securities and do not sell the securities in
the current portfolio

Let’s review the results of removing one or more of these constraints at a time:
 Constraints relaxed: The constraints removed before each run of the optimizer
 Current securities: Whether to sell or hold the securities in the current portfolio
 Purchase securities: The securities to purchase from the investable universe

« Final yield: The cash flow yield of the solution portfolio
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Constraints relaxed Current securities Purchase securities Final yield

Initial Position Hold NA 3.91%

None (base case) Hold Federal Home (AAA, 6.20%) 456%
Mount Sinai (A3, 6.59%)

No liabilities Hold Mount Sinai (A3, 6.59%) 457%

No ratings Hold American Stores (Caal, 8.49%) 5.05%

Allow selling Sell all securities Federal Home (AAA, 6.20%) 6.43%
Mount Sinai (A3, 6.59%)

No liabilities, no ratings Hold American Stores (Caal, 8.49%) 5.05%

No liabilities, allow selling Sell all securities Mount Sinai (A3, 6.59%) 6.59%

No ratings, allow selling Sell all securities American Stores (Caal, 8.49%) 8.49%

Fully unconstrained Sell all securities American Stores (Caal, 8.49%) 8.49%

The Federal Home security is needed to meet the liability constraint, and the rest of the cash is invested into
the Mount Sinai security, which provides a higher yield while satisfying the Investment-grade constraint.

Yield vs #Relaxed Constraints

8.49% 8.49%

ko] 4.56%

2

=

O

£

[
0-PORTFOLIO 1-NO 1-NO 1-ALLOW 2-NO 2-NO 2-NO 3-FULLY
FROM INITIAL LIABILITIES RATINGS SELLING LIABILITIES & LIABILITIES & LIABILITIES & UNCONSTRAINED
OPTIMIZATION NO RATINGS ALLOW ALLOW

SELLING SELLING

#Relaxed Constraints

Remove the liabilities constraint

Without liability constraints, the optimizer no longer purchases Federal Home and invests all cash in Mount
Sinai. The yield increases to 4.57%, just 1 basis point higher than the base case—a very low constraint cost.

This provides useful insight: The optimizer abandons the AAA-rated Federal Home security for just 1 basis point
of yield. Portfolio managers must evaluate whether concentrating so heavily in Mount Sinai is appropriate
despite the optimizer's mathematical preference.

Portfolio statistics after removing liability constraints:

Transaction Report

Aokn Far Zoo D Decoription Coupan Maturty  Seol  Moody  3aF Prica Aorue oF vid EDUR EDz ED3C vex End Par Wt

Buy 28082 82311540 THE MOUNT SINAI HOSP 3281 07/D1/2048 I A 72042 1161 6.5885 11.16 246 707 173 28082 40
Hold 10000 21282CLB UNITED STATES TREAS 4375 07/31/2026 TREA Aaa 100564 0015 30841 180 0.3 .00 0.04 10000 12.85
Hoild 10000 01282CLH UNITED STATES TREAS 3750 08/31/2026 TREA Aaa 20613 0477 30645 178 041 oea 0.04 10000 1247
Hold 10000 21282CLP UNITED STATES TREAS 3500 00/30/2026 TREA Aaa po.101 0154 30330 187 045 1.08 0.04 10000 12.37
Hold 10000 B1282ZCKZ UNITED STATES TREAS 4375 07/15/2027 TREA Aaa 101312 1.106 3.8050 254 0.81 1.80 0.08 10000 12.78
Hold 10000 21282CLG UNITED STATES TREAS 3750 08/15/2027 TREA Aza @I 0.832 38572 285 0.87 10 0.00 10000 12.50
Hold 10000 21282CLL UNITED STATES TREAS 3375 08/15/:2027 TREA Aaa 88734 0289 38375 274 0.8z 202 0.08 10000 12.33
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Solution Portfolio Statistics

Effective duration 444
Effective d2 284
Effective d3 285
Cash flow yield 457
Current yield 435
Average coupon 3.894
Average price 91.516
‘Years to maturity TET
Turmnover $ 0.00
Starting value $ 6027972473
Ending value $ 8027972473

Remove the credit rating constraint

Without credit rating constraints, the optimizer seeks higher yields regardless of credit quality. This directs all
available cash to a riskier security, American Stores (Caal rating, 8.49% yield), which nearly doubles the current
portfolio yield. This security matures in June 2026, meeting liability needs.

The yield increases from 4.56% to 5.05% - a constraint cost of about 0.5% compared to the base case.

Portfolio & key statistics after removing credit rating constraints:

Transaction Report

Aatn Par o0 D Decaription Coupan uaturty  %eot  Meoody 3P Frie Asarus oF Yid EDUR ez EDic rvex Ent Par Mkt
Buy 10560 020008AF AMERICAN STORESCON 8.000 06/01/2026¢ I Caal 20350 3.000 84032 145 029 [ 0.02 10560 240
Held 10000 21282CLB UNITED STATES TREAS 4375 07/31/2026 TREA Aaa 100.564 0915 32841 169 0.38 0.e0 0.04 10000 12.85
Hold 10000 01282CLH UNITED STATES TREAS 3750 08/3112026 TREA Aza Qo813 0477 30645 178 o4 0o 0.04 10000 12.47
Hold 10000 21282CLP UNITED STATES TREAS 3.500 08/30r20286 TREA Aaa 80191 0154 38330 187 045 1.08 0.04 10000 12.37
Hold 10000 01282CKZ UNITED STATES TREAS 4375 071152027 TREA Aaa 101312 1.106 3 8650 254 oa1 180 0.08 10000 1278
Hold 10000 21282CLG UNITED STATES TREAS 3750 08/1512027 TREA Aaa poN 06832 38572 285 087 1.01 0.00 10000 12.50
Held 10000 21282CLL UNITED STATES TREAS 3375 08/1572027 TREA Aaa 88734 0282 38375 274 0.8z 202 0.09 10000 12.33

Solution Portfolio Statistics

Effective duration 202
Effective d2 0.55
Effective d3 1.26
Cash flow yield 5.05
Current yield 4.89
Average coupon 4873
Average price 99.718
Years to maturity 217
Turnover $ 0.00
Starting value B 60,279.724.73
Ending value $ 8027972473

Cash Flow Report for Liability:

Date Carryover Goupon Principal Inflow Liability Net Balance
0613012025 0 2.721,042 0 2,721,042 500,000 2221042 2,221,042
0913012025 2,221,042 1,156,250 0 1,156,250 500,000 656,250 2,877,292
1213112025 2,877,292 762,396 0 762,396 500,000 262,396 3,159,688
0313112026 3,159,688 1,156,250 0 1,156,250 500,000 656,250 3,815,938
06/30/2026 3,815,938 782,396 19,559,902 20,342,298 1,000,000 19,342,298 23,158,236
0913012026 23,158,236 1,156,250 30,000,000 31,156,250 500,000 30,656,250 53,814,488
1213112026 53,814,488 0 0 0 35,000,000 -35,000,000 18,814,486
Total 0 7,754,584 49,559,902 57,314,488 38,500,000 18,814,486 18,814,486
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Remove the “Hold” constraint

Removing the restriction on selling existing assets lets the optimizer sell all current securities to buy higher-
yielding ones while respecting other constraints. This creates a portfolio with more Federal Home securities to
help meet liabilities:

Transaction Report

Aatn Par o0 D Dwconiption Coupon Mafurty  %eof  Moody  fR Prics Asarus oF il EDuR ez EDic rvex Endt Par et
Buy 32000 33AHIWV FEDERAL HOME LN MTG 5875 1115/2028 AGCY Aaa 00877 2484 6.2020 D40 012 028 -0.50 32000 40.70
Buy 64141 82311540 THE MOUNT SINAI HOSP 3881 07/D1/2048 | A3 72842 1.161 6.5885 11.16 246 707 173 64141 8.1
Sell 10000 21282CLB UNITED STATES TREAS 4375 0713172028 TREA Aaa 100664 0915 3gs4 188 038 0.e0 0.04 0 0.00
Sell 10000 01282CLH UNITED STATES TREAS 3750 08/31/2026 TREA Aza Qog12 0477 30645 178 041 008 004 o 0.00
Sell 10000 21282CLP UNITED STATES TREAS 3.500 08/30/2028 TREA Aaa ge.191 0.154 3g330 187 045 1.08 0.04 0 0.00
Sell 10000 01282CKZ UNITED STATES TREAS 4375 07152027 TREA Aza 101312 1.106 38650 254 oat 180 oo8 o 0.00
Sell 10000 21282CLG UNITED STATES TREAS 3.750 0871572027 TREA Aaa g 06832 38572 285 087 1.1 0.0 0 0.00
Sell 10000 21282CLL UNITED STATES TREAS 3375 00/152027 TREA Aza 08 734 0280 38375 274 0az 202 oos o 0.00

The liability coverage with the new portfolio:

Cash Flow Report for Liability:

Date Carryover Coupon Principal Inflow Liability Net Balance
06/30/2025 0 2,770,283 32,000,000 34,770,284 500,000 34,270,284 34,270,284
09/30/2025 34,270,284 1,276,728 0 1,276,728 500,000 776,728 35,047,012
1213172025 35,047,012 0 0 0 500,000 -500,000 34,547,012
03/3172026 34,547,012 1,276,728 0 1,276,728 500,000 776,728 36,323,740
0&/30/2026 35,323,740 0 0 0 1,000,000 -1,000,000 34,323,740
09/30/2026 34,323,740 1,276,728 0 1,276,728 500,000 776,728 35,100,468
123172026 35,100,468 0 0 0 35,000,000 -35,000,000 100,467
Total 0 6,600,467 32,000,000 38,600,468 38,500,000 100,467 100,467

Relaxing the selling constraint has the greatest impact, increasing yield from 4.56% to 6.43%— a constraint cost
of 1.87%:

Solution Portfolio Statistics

Effective duration 6.80
Effective d2 565
Effective d3 429
Cash flow yield 643
Current yield 5.60
Average coupon 461
Average price 81.907
Years to maturity 15.70
Turnover $ 60,279,72473
Starting value 3 6027972473
Ending value $ 80,279,72473
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Changing optimization method

Let's introduce another parameter by minimizing the tracking error from the initial portfolio. This means building
a portfolio that:

+ Respects the constraints
« Maximizes the cash flow yield
« Has characteristics which are not too dissimilar from the initial one

For simplicity, we'll remove liability constraints and keep only the rating constraint, lot size constraint, and no-
selling constraint.

This problem requires a quadratic method that can minimize tracking error while maximizing yield:

W7 Global Optimization Parameters

Optimization Method ~ Objective ltem
@ i o) i @I Cash Flow Yield
Q) ) )
(0 Quadratic () Credit () Linear ] Field to Maturit
Obijective Type Cruration to Maturity
_ N ] Effective Duration
() Minimize: (©) Maximize Eftective D2
Effective D3
Risk taodel Outstanding 'V alue
Turnover
E dur-weighted Cash Flow vield
Custom Function

Loaded Function

i Total b arket W alue Market Senszitivity

[Reference Cunency) International Retum
Portfalio: $ B027972473 Expected Fetum

Amount: 20.000.000.00

(0! Contribution () withdrawal
() Target Market Value

ok Cancel

The option is selected as follows:

Transaction Report

Actn Par seciD Description Coupon Maturty  Ssct  Moody 58P Price Accrus CFYid EDUR EDz esc nvex End Par Mkt
Buy 12000 75951BAQ RELIANCE STD LIFE GL 1512 0972812028 F Al 93 450 0076 50822 188 045 107 004 12000 1398
Buy 7000 T5951BAS RELIANCE STD LIFE GL 4928 0990172027 F Al 99 998 0616 4 9266 284 087 192 009 7000 877
Buy 1629 T4531EAA PUGET SOUND ENERGY F 7020 120012027 UE A2 105813 0604 49850 278 087 210 010 1629 218
Hold 10000 91282CLB UNITED STATES TREAS 4375 07/31/2026 TREA Aza 100.664 0.915 3.9541 189 0.38 0.90 0.04 10000 1285
Hold 10000 91282CLH UNITED STATES TREAS 3.750 08/31/2026 TREA Aza 99.613 0.477 3.9645 178 0.41 0.98 0.04 10000 12.47
Hold 10000 91282CLP UNITED STATES TREAS 3500 09/30/2026 TREA Aaa 99191 0154 39330 187 045 1.06 004 10000 1237
Hold 10000 91282CKZ UNITED STATES TREAS 4375 07/15/2027 TREA Aaa 101.312 1.106 3.8650 254 0.81 1.80 0.08 10000 12.78
Hold 10000 91282CLG UNITED STATES TREAS 3.750 0B8/15/2027 TREA Aaza 99.711 0.632 3.8572 285 0.87 191 0.09 10000 12.50
Hold 10000 91282CLL UNITED STATES TREAS 3375 09152027 TREA Aza 98.734 0.239 3.8375 274 0.92 202 0.09 10000 1233

Solution Portfolio Statistics

Effective duration 222
Effective d2 0.64
Effective d3 1.45
Cash flow yield 418
Current yield 3.67
Average coupon 3.663
Average price 99.046
Years to maturity 236
Turnover $ 0.00
Starting value $ 6027972473
Ending value § 8027972473
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The purchased securities have similar duration and convexity to the initial portfolio but lower ratings (still
investment grade), yielding 4.18% versus the initial 3.67%. The linear solver, which didn't consider the tracking
error, produced a higher yield of 4.57%. This demonstrates how adding constraints reduces optimization
freedom.

Conclusions
Efficient portfolio optimization improves financial returns by:
+ Streamlining data for identifying investable universes
« Automatically screening securities to meet constraints
+ Finding securities that optimize objectives while satisfying constraints

The objective function should reflect the institution's specific needs. In our case study, the goal was maximizing
yield while meeting credit rating and liability constraints.

Appendix A details various portfolio manager use cases. Managers should question and adjust constraints

to find better solutions. Our case study showed the benefits of relaxing constraints - information that can
inform investment committee reviews. In short, managers should question and adjust constraints to find better
solutions. Portfolio managers relying solely on spreadsheets may miss opportunities that optimizers

can identify.

Appendix B covers daily challenges, from transaction costs to model limitations. Portfolio optimization
combines the objective with the subjective and evolves through dialogue and situational analysis rather than
a set of fixed truths.

Contact us to learn more.

Talk to an Expert
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Appendix A: Portfolio optimizer use cases

Yield maximization

Return maximization is a primary objective for many portfolios. Yield maximization seeks securities with the
highest possible return based on yield measures. For fixed income, these include yield to maturity, current
yield, and yield to call, each offering different insights.

In this paper, yield maximization refers to cash flow yield - yield based on likely security cash flows,
incorporating optionality and prepayment. This approach assumes a constant yield curve throughout
security life.

Yield maximization becomes practical when combined with constraints. Without constraints, optimizers focus
solely on yield at the expense of credit risk, liquidity, etc. For example, illiquid, low-coupon, long-maturity
securities might be selected for investors with short-term liquidity needs. Best practice involves balancing
yield maximization with constraints on credit ratings, duration, transaction costs, etc. Investors should
understand yield trade-offs when adding constraints.

Cost of constraints

Yield maximization provides a starting point for identifying attractive investments. An unconstrained yield-
maximized portfolio establishes a benchmark for the highest attainable yield.

Each constraint added either reduces yield or has minimal effect. Quantifying these "constraint costs” helps
investors make informed decisions. For example, restricting to investment-grade bonds might reduce yield
from 8% to 6%, a 200 basis point constraint cost. Geographic restrictions might have minimal cost if similar-
risk bonds exist in the preferred regions.

Understanding constraint costs helps investors balance risk and return, evaluate whether constraints
are necessary, and explain how regulatory requirements affect returns. This analysis is critical for making
informed decisions and achieving tailored investment objectives.
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Liability matching

The final use case we will cover is liability matching — timing cash flows to meet known future obligations.
Consider a family managing monthly bills with the following simplified payment schedule:

They need liquidity on specific dates but don't need to hold all cash year-round. For example, they don't
need to keep the $12,000 for annual taxes in cash throughout the year—they could invest that money safely
and liguidate the needed portion at the beginning of April each year. Similarly, since their monthly expenses
amount to $1,200, they could invest in bonds providing monthly coupons of $1,200 to meet liabilities while
preserving capital.

2025: First Trimester Liabilities

$12,000

$1,000
$140 $60

A =
1/10/25 1/15/25 1/31/25 2/10/25 2/15/25 2[/28/25 3/10/25 3/15/25 3/31/25 4/1/25 4/10/25 4[15/25 4/30/25

Financial institutions face similar challenges with added complexity, particularly those with highly predictable
cash flows. Pension funds exemplify this approach, especially those offering defined benefit plans. They know
with some level of certainty when account holders will retire and how much they'll need to pay on a recurring
basis, enabling strategic investment planning.

Effective liability matching meets obligations through portfolio cash flows (coupons and dividends) rather than
asset sales, reducing transaction costs and risks. This approach also benefits credit ratings: by consistently
meeting liabilities, financial institutions demonstrate lower default probability to investors. Detailed approaches
like accounting defeasance are beyond this paper's scope.

Portfolio optimizers excel at liability matching by analyzing cash flow timing, selecting securities that generate
payments when needed, and balancing yield optimization with liquidity constraints while maintaining capital
preservation.
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Appendix B: Challenges & pain points

Portfolio management involves implicit constraints and costs that impact investment returns. A common
question arises: "If these cannot be explicitly described in a portfolio optimizer, how can | account for them in
the optimization process?”

Liquidity

Liquidity presents multiple challenges in portfolio optimization. Consider when an optimizer suggests selling a
large position in an existing security to purchase one better suited for the objective function. If the security to
be sold is illiquid, several problems arise: selling takes time while the target security's price may rise, or forced
quick sales occur below market price, reducing purchasing power for the replacement security.

Liquidity is critical for liability matching. Liabilities can be met through portfolio cash flows (coupons, dividends,
maturities) or asset sales. Since liabilities must be met promptly, any assets earmarked for sale must be
sufficiently liquid.

Capturing liquidity dynamics in optimizers is challenging since liquidity has no concrete parameter and
fluctuates over time.

Three approaches address this:
+ Pre-select an investable universe containing only sufficiently liquid securities
+ Rate securities' liquidity and use these ratings as penalties in the objective function
+ Constrain the minimum cash that must be always held in the portfolio

Liquidity also significantly affects transaction costs.

Transaction costs

Transaction costs are among the most difficult aspects to capture in optimization since they're not directly
observable in input data and depend on factors like brokers used and market conditions. Often overlooked,
transaction costs can cause portfolio managers to underperform benchmark indices.

Transaction costs increase with trade size — something optimizers examining only data typically miss. Adding
penalties in the objective function that increase with purchase size might address this, but implementation
proves difficult. Transaction costs are hard to measure and estimate, making penalty parameter tuning
potentially impossible.

While difficult to measure, transaction costs always exist. One approach to reduce them in optimization setup
involves modifying current portfolio data. For yield maximization objectives, add a few basis points to each
existing security's yield, encouraging the optimizer to avoid selling these positions.

An in-depth examination of transaction costs can be found in Grinold, Kahn-Active Portfolio Management: A
Quantitative Approach for Producing Superior Returns and Controlling Risk-McGraw-Hill (1999).
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Model limitations

Model quality depends on data quality—the "Garbage In, Garbage Out” principle. Poor input data cannot
produce meaningful output.

Consider the simple optimization model run on a security universe made only of bonds:

Maximize: Portfolio Annual Yield
Subject to: Credit Rating > AA for each security in the portfolio

Imagine the security universe to be made by the following data:

Security Credit rating Annual yield
Safe&Secure Company AAA 2%

The Stable Company AAA 22%

Reliable Progress Org AA 3%

Junk & Co AA 12%

The optimizer would purchase all available Junk & Co bonds since they meet the stated constraints. However,
any financial analyst would immediately flag that a 12% annual yield is suspicious for an AA-rated bond. This
yield suggests either a lower credit rating or incorrect yield data.

When the analyst investigates, they discover Junk & Co actually has a CCC rating. This disqualifies the security
from the optimization since the constraint requires credit quality above AA.

When dealing with complex securities like options and derivatives, model choice and quality significantly
impact solutions. Analysts must understand the models used, examining not just expected values but return
distributions and sensitivities to market variables and parameters.

The complexity of modeled securities increases these challenges. Portfolio managers should critically analyze
models before accepting solutions, understanding both capabilities and limitations.

Investment Policy Statement (IPS) Constraints

Beyond investment mandates and benchmarks, most investors face explicit constraints agreed upon with
clients or principals. These constraints are diverse but may include:

+ Investable universe limitations: Restrictions on self-dealing, asset class or sector allocations, geographic
restrictions

« Portfolio risk controls: Limits on liquidity, position sizes, diversification requirements
+ Investment strategy requirements: Sector neutrality relative to benchmark, exclusion of short positions

Constraints are important to integrate early in portfolio construction as they often pull portfolios away from
theoretically optimal unconstrained solutions. Understanding these limitations helps portfolio managers
balance compliance requirements with performance objectives.
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