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Abstract

We develop a dynamic network model with heterogenous banks which undertake
optimizing portfolio decisions subject to liquidity and capital constraints and trade in
the interbank market whose equilibrium is governed by a tatonnement process. Due to
the micro-funded structure of the decisional process as well as the iterative dynamic
adjustment taking place in the market, the links in the network structures are endoge-
nous and evolve dynamically. We use the model to assess the diffusion of systemic risk,
the contribution of each bank to it as well as the evolution of the network in response
to financial shocks and across different prudential policy regimes.
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1 Introduction

Interconnections in the banking system, as fostered by fast developments in financial inno-
vation, increased degree of complexity in modern financial systems and the diffusion of over
the counter derivatives, made systemic risk endemic and epidemic at crises times. Intercon-
nections, initially set-up to facilitate risk sharing, have created channels whereby financial
distress is quickly spread onto the entire system. Not surprisingly the rationale behind gov-
ernment intervention and bank bail out programs in the aftermath of the recent financial
crisis was to be found not in the too-big-to-fail argument but in the too-interconnected-to-fail
argument. The dangers associated with highly interconnected systems come from the pos-
sibility that the financial distress, experienced by one bank, might turn through cascading
effects into full-fledged systemic risk, whose monitor, assessment and prevention has become
paramount. Indeed one of the most important legacies of the 2007-2008 crisis has been the
creation and development of a number of institutions whose mission is that of measuring
systemic risk, monitoring financial vulnerabilities and safeguarding the financial system®.
Against this background the literature offered no concrete paradigm to account for net-
work externalities in combination with micro-founded decisional rules and financial (mis)-
incentives, to quantify systemic risk and to forecast the development of financial contagion.
We do a step in that direction by constructing a dynamic network model with heterogenous
and micro-founded banks, whose links emerge endogenously from the interaction of interme-
diaries’ optimizing decisions and an iterative tatonnement process which determines market
prices. The financial system featured by our model consists of a network with a finite number

of financial institutions which solve an optimal portfolio allocation taking into account lig-

'In the U.S. the Dodd-Frank Wall Street Reform and Consumer Protection Act (See Financial Stability
Oversight Council [12]) had created the Financial Stability Oversight Council, whose statute states in Title
1 that the primary objective of this institute is that of monitoring systemic risk. The main mission of the
European Systemic Risk Board, established 16 December 2010, is the prevention or mitigation of systemic
risks to financial stability in the Union that arise from developments within the financial system. The
Financial Stability Board (FSB) has been established to coordinate, at the international level, the work of
national financial authorities in addressing vulnerabilities and to develop and implement strong regulatory
and supervisory policies.



uidity and capital constraints and for given market prices. Banks hold liquid assets, such as
cash and deposits, lend to each other in the interbank market and invest in non-liquid assets,
such as bonds or collateralized debt obligations. Banks differ at time zero for the returns on
non liquid assets due to different information and administrative cost. Such differences in
returns gives rise, at time zero, to heterogenous optimal portfolio allocation, hence to excess
demand or supply of bank borrowing and lending. Banks’ links are given by the cross-lending
and borrowing that takes place in the interbank market. A crucial feature of our model is
that the links in the adjacency matrix characterizing the network are not assigned randomly
as in random network models but emerge endogenously from the combination of the optimal
banks’ decision and the tatonnement processes taking place in both, the interbank market
and the market for non liquid assets. Furthermore dynamic adjustment in our model emerges
as an intrinsic feature of the market adjustment even in absence of an initial shock impulse.
Network externalities thus emerge as a manifestation of individual optimizing behavior and
market adjustment. Since non-liquid assets are marked-to-market, the model also features
pecuniary externalities via the occurrence of fire-sales.

Contagion in this model occurs through the transmission of shocks to non-liquid assets.
Shocks are generated from a multivariate lognormal distribution and are randomly drawn for
a certain number of periods. Contagion manifests itself through direct and indirect effects.
The direct effects comprise common exposure to risky assets and local network externalities.
First, if banks invest in the same financial products their balance sheets are correlated due to
the multinomial nature of the shocks. Second, as banks are interlinked through counterpart
exposure in the interbank market, a defaulting bank transmits losses to creditor banks.
Indirect contagion effects manifest through fire-sales (pecuniary externalities). A negative
shock in the value of non liquid assets induces several banks to de-leverage, a credit event
that produces a fall in the market price and a cascade of losses in marked-to-market balance
sheet of all other banks.

We simulate our model in response to adverse shocks to non-liquid assets, interpreted



as a credit event, and analyze the evolution of the banking network and the contribution
of each bank to systemic risk in response to changes in the prudential policy parameters.
Systemic risk is computed through the Shapley value? and refers to the probability default
for the whole system. We also compute the contribution to systemic risk of each individual
bank in the system: the latter depends crucially on the banks’ asset position and on the
inter-linkages in the network. The prudential policies considered are changes in the liquidity
requirements, changes in the capital requirements and changes in the assets’ risk weights as
outlined by the Basel III agreements. Generally speaking changes in policy and regulations
affect the strength of the cascade in response to shocks and the extent of both, the network
and pecuniary externalities. We find that an increase in the capital requirement, as well as
an increase in the risk weights, induce a bell shaped dynamic of overall systemic risk. At low
levels of capital requirements, for instance, banks endowed with high return investment tend
to leverage up, therefore increasing the demand for liquidity as well as the lending rates in
the interbank market. The market clusters the connections around the high leveraged banks,
which end up contributing heavily to systemic risk. As the requirement raises (say beyond
0.1), the capital constraint becomes binding and banks start to hoard liquidity: the banking
network becomes sparse and systemic risk decreases. Increases in liquidity requirement
instead tend to decrease overall systemic risk: robustness tend to prevail on fragility and the
network becomes safer.

The rest of the paper is structured as follows. Section 2 compares our model to the recent
literature on systemic risk. Section 3 describes the model, the equilibrium formation process,
the shock transmission and the measure of systemic risk. Section 4 describes the numerical
results and comments on the ability of the model to replicate stylized facts characterizing
financial contagion. Section 5 analyzes the policy designs. Section 6 concludes. Appendices
describe the optimal portfolio problem and the algorithm used to solve the model. Tables

and figures follow.

2See Bluhm and Krahnen [17] and Borio, C., N. Tarashev and K. Tsatsaronis [7].



2 Relation to the Literature

This paper is related to two main strands of the literature. It is related to the literature on
models of economic networks and to an emerging literature on systemic risk, part of which
also makes use of network models.

Over the last decade network models have emerged as an alternative paradigm to ana-
lyze a variety of economic and social problems ranging from the formation of contacts and
links in labour, financial and product markets to the formation and evolution of research
networks (see Jackson [16]). The recent financial crisis has conveyed increased attention
toward models featuring pecuniary and network externalities. The first model to exploit
network externalities in banking systems is Allen and Gale [2|. Recently Gai, Haldane and
Kapadia [14] have developed a random network model for the inter-bank market and have
analyzed the effects of complexity and concentration onto financial fragility. In their model
inter-linkages are driven by Poisson distributions and evolve in response to shocks: in con-
trast to them our model allows for micro-founded optimizing decisions of agents and for
an endogenous formation of the network links. Most importantly, and contrary to most
of the models featuring random networks, dynamic adjustment arises in our model as an
intrinsic outcome of the tatonnement equilibrium process without the need to resort upon
an impulse and propagation logic. Unexpected shocks can occur in our model, but they are
not essential to induce dynamic adjustment®. Caballero and Simsek [9] focus on the role
of complexity in network models: given the intricate structure of inter-linkages, banks face
ambiguity when trading in the interbank market. This might amplify fire-sale when rumors
of financial vulnerabilities are released. Krahnen and Bluhm [17]| analyze the formation of
systemic risk, through Shapley values, in a model with three interconnected banks. In their
model tipping points for the diffusion of systemic risk are determined by exogenously given

heuristics, hence contrary to us they do not analyze optimizing banks decisions. Finally

3This feature also distinguishes our model from the traditional macro models on business cycle dynamics,
which mainly appealed onto the Frisch-Slutsky impulse and propagation approach.



Anand, Gai and Marsili [5] analyze the effects of rollover risk in a model combining features
from the global game theory and from the random networks.

A number of other papers have dealt with the analysis of systemic risk: see for instance
Lagunof and Schreft [19], Rochet and Tirole [23], Freixas, Parigi and Rochet [13], Leitner
[20], Eisenberg and Noe [11], Cifuentes, Ferucci and Shin [10], Billio, Getmansky, Lo and
Pelizon [20], Geanakoplos [15]. Allen and Babus [3] provide an excellent recent survey.
Finally our paper is related to the literature studying the design of regulations aimed at

abating systemic risk (see for instance Allen and Gale [4]).

3 The Model

The financial system is made up with a population of N banks. Let N € {1,....,n} represent
a finite set of individual banks, each of whom is identified with a node of the network.. We
define ex-ante for this population a network g € G as the set of links among heterogenous
banks N, with G being the set of all possible networks. An arc or a link between two banks 7
and j is denoted by g¢;; where g;; € R. Here g; ; # 0 reflects the presence of a link (directed
network), while g, ; = 0 reflects the absence of it. Links bear the actual economic meaning
of banks’ cross borrowing and lending. A crucial aspect of our analysis lies in the fact
that those cross investment positions (hence the network links) result endogenously from the
banks’ optimizing decision and the markets’ tatonnement processes. An important dimension
in the diffusion of risk concerns the number of direct links held by each bank: a loss of value
in the balance sheet of bank ¢ will affect immediately all banks directly connected with bank
i. For this reason it is instructive to define N%(i;g) = {k € N | g; # 0} as the set of banks
with whom bank ¢ has a direct link in the network. The cardinality of this set is given
by uf(g) = [N(i; 9)

network g. The n — square adjacency matrix G® of the network g describes the connections

, namely the number of banks with whom ¢ is directly linked in the

which arise after (t) iterations of the tatonnement process. Given that our model features

a directed weighted network, banks ¢ and j are directly connected if g;; # 0. Also given



the nature of the connections, which materialize in the form of borrowing and lending it is
always true that g;; = —gj;, thus G is a anti-symmetric matrix with elements in the upper
triangle carrying an opposite sign with respect to elements in the lower triangle.

Our network features optimizing banks which undertake an optimal portfolio alloca-
tion by maximizing profits subject to liquidity and capital requirement constraints and
a non zero non liquid asset constraint. Banks decides about the optimal amount of lig-
uid assets (cash), the optimal amount of lending and borrowing in the interbank market,
and the optimal investment in non-liquid assets (bonds or collateralized debt obligations).
Network externalities materialize through the cross-lending and borrowing taking place in
the interbank market, while pecuniary externalities materialize since non-liquid assets are
marked-to-market.

Banks differ at time zero for their allocation of non-liquid assets, which results, after
optimization has taken place, in heterogenous optimal portfolio allocations. The optimizing
decision together with the dynamic adjustment taking place in the various asset markets
determines the final portfolio allocations and the final cross-borrowing and lending posi-
tions: the latter represent the entry of the adjacency matrix G characterizing the interbank
network. Sequential tatonnement processes® take place in the interbank market and in the
market for non liquid assets. The sequence of events can be described as follows. At time
zero banks’ optimization leads to heterogenous portfolio allocations in terms of both, inter-
bank lending and investment in non-liquid assets. In the subsequent period banks enter the
interbank market to search for the closest possible counterpart match: if the latter is not
found an aggregate excess demand (or supply) of liquidity will materialize and will determine
a change in the price of lending (or borrowing). At the new price banks re-optimize, re-enter
the market with a new demand for borrowing (or lending) and start the search process once

again. The described sequence of iterative steps converges to an equilibrium when the rela-

4See MasColell [22] and Mas Colell [21].



tive excess demand (or supply) of interbank liquidity is below a certain tolerance level®. A
similar iterative process takes place in the market for non-liquid assets and is outlined in
the following sub-section.

Contagion occurs when the financial system is subject to shocks to non-liquid assets.
Initial shocks to non liquid assets are distributed according to a multivariate lognormal
distribution and are transmitted through the changes in balance sheet values as triggered
by changes in the market price (fire-sale externalities) and through the direct lending inter-

linkages (network externalities) and

3.1 Banks’ Optimization

Banks’ portfolio allocations are determined through an optimization process. As banks are
heterogenous, individual asset allocations carry an index i. Aggregate variables or market
prices are instead denoted without the index. As explained above the iterative market

6. For this reason we also equip our variables

adjustment process is intrinsically dynamic
with a specific time index ¢.

Banks in the model start at time ¢ = 0 with a certain amount of cash, ¢}, deposits, d,
,and wealth, nw{. At every generic period ¢ of the iterative process and given the prevailing
market prices, banks choose the optimal amounts of liquid assets, lending in the interbank
market, b, borrowing in the interbank market, bbi, and investment in non liquid asset,
nlal. Aggregate excess demand (or supply) in the interbank market is defined as z}(p;) =
(bl; — bb,) = SO (bl — bbi). The links in the adjacency matrix G representing the network
links will be given by the final allocation of cross-borrowing and lending in the interbank

market after optimization and the iterative market adjustment have come to convergence.

It is assumed that cash and deposits are risk-less assets which pay no interest, so that

>The crucial condition for convergence is that the rate at which the price (vector) approaches the equilib-
rium value behaves as a Liapunov function namely it is a real-valued function which takes decreasing values
along the dynamic trajectory and a value of zero at the stationary point.

6Time here is not meant to be the actual real time but rather to represent the intervals occurring during
and trial and error procedure that conveys the banks’ counterpart search in the interbank market to actual
matches.



their prices in the market are normalized to one”. Since now on individual variables will be
indexed by 7, while aggregate prices will not carry such index. Bank lending yields an interest
rate 2, which will adjust in the iterative process to equilibrate aggregate excess demand and
supply. Bank borrowings on the other side requires the payment of an additional premium
so that the interest rate is given by r% + AY where AY is the spread between borrowing
and lending. The spread can be rationalized in several ways, one of those is that borrowing
entails risks linked to limited commitment to repayment, moral hazard and/or asymmetric
information on the side of the borrower. Finally, non-liquid assets yield an interest of r7.
We assume that at time zero banks receive different interest rates on non-liquid assets,
reflecting different information costs and efficiency. The interest rate on non-liquid assets
is 73'*" Heterogeneity in the asset returns implies that banks will differ at time zero for
their optimal allocation of non liquid assets. The ensuing difference in the equity to liquidity
ratios implies that banks will enter the interbank market with heterogenous excess demands
(or supplies) for liquidity. Since interest rates on non-liquid assets, r;"®*, do not depend
upon the equilibrium in the interbank market, they can be set exogenously®. Finally notice
that non-liquid assets are traded at a market price, pP® : the latter is taken as given by
atomistic banks ex ante and is determined ex post as result of the market equilibrium (see

next section).

A summary of bank’s balance sheet is depicted in Table 1.

’ Assets \ Liabilities
Cash Deposits
Bank lendings Bank borrowings
Non-liquid assets Equity

Table 1: Banks’ Balance Sheets

Banks’ optimization problem is detailed as follows. Banks’ objective function is given

"Once the equilibrium is reached in the remaining markets (the interbank and the market for non liquid
assets), equilibrium in the market for liquid asset is implied by Walras’ law.

81t is also implicitly assumed that banks are atomistic so that their optimal allocation of non liquid
assets cannot influence the returns.



ﬂ:rywﬁ—w?+A%-%%H¢“~;$ @
t

Banks face a liquidity constraint, of the type envisaged in Basel III agreements, due to

which they have to hold at least a percentage, o, of their deposits in cash?:
¢ > o d, (2)
Furthermore banks face a capital requirement constraint, as they must maintain an

equity ratio, erf, of at least vy + 7:

) 0 nla | l i blz_dz_bbz
€T::Ct+pt nia; + Ol t t

nla >y 47 (3)

X1 pi'® - nlag + X200,

where x; and ys are risk weights assigned respectively to the two risky assets, namely non
liquid investment and bank lending. The parameter v identifies the regulatory requirement,
while the parameter 7° reflect individual banks capital buffer. The risk coefficients are set
exogenously as part of the regulatory system. Realistically we assume that banks need to
hold less capital for bank lending than for investments in non-liquid assets, i.e. x; > x2. If
banks’ equity ratio, er?, is lower than the minimum capital requirement, 7, banks begin to
reduce their exposure into bank lending (or in non-liquid assets): effectively this results in a
reduction of the denominator of equation 3, relatively to the numerator, until the required
ratio is achieved. This implies for instance, as we shall see later on, that any change in the
regulatory capital requirement, 7, will result in a change of the demand (or supply) of bank
lending in the interbank market, hence in a change of the cross-exposure of the network.
Changes in the regulatory levels of the risk weights parameter x; and y, will also trigger an
adjustment in the interbank market. The higher are those weights, the larger is the extent
to which banks have to re-adjust their non-liquid asset and bank lending positions in order

to satisty the capital requirement. We further assume that if a bank cannot fulfill the capital

9For simplicity this fraction is assumed constant.

10



requirement it defaults: this event obviously will also result in an ex post change of the
structure of the adjacency matrix, G®).

Two further observations are worth noticing. First, note that liquid assets do not appear
in the denominator of equation 3; this is so since banks do not have to hold capital for their
liquid asset holdings. Second, note that non-liquid assets are marked to market, which gives
the potential for fire-sale spirals in the model.

At last, banks face a no-short sales constraint:
nlal > 0. (4)

The latter is needed for the problem to be well-behaved: this indeed rules out the

possibility of negative prices for non-liquid assets.

3.2 Equilibrium in the Market for Non-Liquid Assets: Iterative
Procedure

In the model, the market price of the non-liquid asset is found via a tatonnement process
between supply and demand. Following Shin, Cifuentes and Ferrucci, the inverse demand

function is assumed to follow Equation 5
p=erp(=€ Y s), (5)

where £ is a positive constant to scale the price responsiveness with respect to non-liquid
assets sold, and s; is the amount of bank ’s non-liquid assets sold in the market.

Solving Equation 3 for the amount of non-liquid assets sold by bank ¢ to fulfill the capital
requirement, yields the banks’ supply of non liquid assets to the market, s;. Since each s; is
decreasing in p, the aggregate sales function, S(p), is also decreasing in p.

Tatonnement on the market for non-liquid assets can be described by the following
process. Prior to any shock, the market price for non liquid assets equals 1, which is the
initial price when all banks fulfill their regulatory requirements, and sales of the non-liquid

asset are zero. A shock to bank 7, say a certain loss of assets, shifts the supply curve upwards,

11



resulting in S(1) = s; > 0 because bank i starts selling non-liquid assets to fulfill its capital
ratio. However, for S(1) the bid price, given by an exogenous demand function equals only
p(S(1))%, while the offer price is one. The resulting market price is p(S(1))™, the midprice
between bid and offer prices. Since the market price thus decreases and banks have to mark
their non-liquid assets to market, additional non-liquid asset sales may be needed to fulfill
the capital requirement. The stepwise adjustment process continues the demand and the
supply curves intersect at p*. Note that the supply curve may become horizontal from some
value of non-liquid assets sold onwards, as the total amount of non-liquid assets on the banks’
balance sheets is limited. Since a shock to a bank will always result in an upward shift of
the supply curve, and the maximum price of the non-liquid asset being equal to 1, while the
initial equilibrium prior to the shock equals zero, a market price p € (0,1) always exists.

The tatonnement process on the market for non liquid assets is given on figure 1.

s(p(s(1)md)
s() A

0 p* p(s(I)e  p(s(1))m 1
p(s(1))ofer

Figure 1: Tatonnement Process on the Market for Non Liquid Assets

12



As banks differ in terms of their initial equity allocation, the individual optimization
gives rise to heterogenous portfolio allocations. The next section shows how individual
portfolio positions are allotted in the financial market giving rise to an equilibrium price and

an aggregate asset allocation.

3.3 Equilibrium in the Interbank Market: Iterative Procedure

Once individual asset positions are determined we obtain the equilibrium in the interbank
through an iterative trading process on bank lending and borrowing. At time zero banks start
with different optimal portfolio allocations which also imply heterogenous excess demand
and supply of lending and borrowing. Banks enter the market with their optimal demand of
borrowing and lending and search for the closest match. If a close match is not found, the
price of bank lending, r?, adjusts in response to the aggregate excess demand and supply.
Given the new prices banks will re-optimize and start a new search. Convergence is achieved
when the relative matching error is below a certain tolerance level.

The steps in the numerical implementation of the iterative procedure can be described
as follows. At the beginning banks set three reference points: an upper interest bound, Tél,
a lower interest bound, r¥, and the actual lending rate, ry’. Tt is assumed that r3 < rff < r%l
. Given those bounds and the initial level of the returns banks optimization might result in
excess demand or supply of lending. To fix ideas let’s assume that it results in in an excess
supply of bank lending. In this case the lending rate will adjust downwards to re-equilibrate

T8l+Tll)l
2

bank lending. The new lending rate is adjusted by 7% = . Given this new lending rate,

banks re-optimize their portfolio allocation, which result in a new bank lending position.
Gradually the excess supply of bank lending is absorbed through a sequential adjustment of
the lending rate. The opposite adjustment takes place if demand for liquidity exceeds supply.

|2 (p1)|

(Bli—bby) is smaller than

The process converges when the relative matching error, defined as

some specified tolerance value.
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3.4 Price Tatonnement Stability Conditions

Since the price of liquid assets has been normalized to one, a dynamic equilibrium adjustment
only takes place in the interbank market and in the market for non-liquid assets. We assume
that in both markets the equilibrium takes place through a tatonnement process, namely
a trial and error process taking place in fictional time and run by an abstract agent bent
on finding and restoring the equilibrium after any perturbation'®. A crucial assumption of
tatonnement processes is that the actual trading never takes place until the dynamic price
adjustment has reached convergence.

In this section we outline some general conditions under which global and local stability,
namely the convergence of any price trajectory to the equilibrium level, is guaranteed for
both markets. Stability of equilibrium is important for two reasons, First the stability
conditions implicitly define the requirements that the numerical analysis would need to
satisfy to guarantee that the system, perturbed by a shock, can return to an equilibrium.
Second, since inter-bank lending determines the entry of the matrix describing network
inter-linkages, equilibrium stability is a sufficient condition for the existence of an ergodic
adjacency matrix.

The price vector in our model is given by p; = [p}, p?] = [rfl, pfl“} . Furthermore the ex-
cess demand function can be defined as follows: z:(p;) = [2}(pe), 22(p¢)] = [(bly — bb;), nlay]
where z!(p,) = (bl, — bb;) = S°N (bl — bbi) represents aggregate excess demand in the in-
terbank market and 2Z(p;) = Zfil nlal represents aggregate excess demand in the market
for non liquid asset. If we start with an initial price vector py which is not an equilib-
rium, namely z;(pg) # 0, the demand and price adjustment will take place according to the

following differential equation:
— =2 (pr) (6)

where j indicates the reference market and v/ > 0 is a speed adjustment factor. Global

stability implies that prices, moving along the above dynamic trajectory, converge toward

10See Mas-Colell and Whinston [22], and Mas-Colell [21].
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the equilibrium. One possibility for this to happen is that in presence of an aggregate
excess demand z;(p;) prices in the market adjust so as to cause a proportional decrease in
the magnitude of all excess demand and supply. In vectorial notation this implies that the
Jacobian of the excess demand functions Dz (p,)(2) = —Az(p;), where A represents the
factor of proportionality. Rearranging the last system of differential equations one obtains
the following solution for the price trajectory:

dp _
= = ~ A Dalp)] "a(p) (7)
A sufficient condition for restoring stability after small shocks is the existence of the

inverse of Dz (p;).

3.5 Calibration

The model parameters are chosen to match values observed in the financial system and/or
imposed by supervisory policy. The parameter «, the amount of liquid assets banks have
to hold as a function of the amount of deposits, is set to 0.1, thus being equivalent to the
cash reserve ratio in the U.S. The parameter yi, the risk weight for non liquid assets, is set
to 1: this value reflects the risk weight applied in Basel II to commercial bank loans. The
parameter Yo, the weight for interbank lending, is set to 0.2, which is also the risk weight
actually applied to interbank deposits between banks in OECD countries. The amount of
equities and deposits that banks have initially on their balance sheets is set to 60 billions
(mean with variance 10) and 600 billions which as a ratio is closely to figures actually found on
banks’ balance sheets. Following federal reserve bank regulatory agency definitions, banks
must hold a capital ratio of at least 8%. Finally, banks return on non-liquid assets is
uniformly distributed on the interval between 0% to 10%.

The parameters settings which will subsequently be investigated in a comparative static

analysis are displayed on Table 2.
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a | x1|xe |y Deposits | ¢ Equity Yield on NLA
0.1 |1 |0.2]0.08 500 0.01 | N(60,10) | U(0,0.1)

Table 2: Parameter Values in the Baseline Setting

The table displays the parameter values in the baseline setting. « is banks’ liquidity requirement, xi is the risk weight for non-liquid asset
investments, chigp is the risk weight for interbank lending, + is the capital requirement ratio, and ¢ is the amount by which banks overfulfill
regulatory requirements. N and U designate normal and uniform distributions, respectively.

3.6 Systemic Risk Measure

Generally speaking systemic risk occurs in the event in which a shock to a single institution
spread to the system in a way that determines the collapse of the entire system, rather
than simply the default of individual banks or of a limited group of financial intermediaries.
A prerequisite for the emergence of systemic risk is the presence of inter-linkages and in-
terdependencies in the market, so that the default (or a run) on a single intermediary or
on a cluster of them leads to a cascade of failures, which could potentially undermine the
functioning of the entire financial system. Generally, systemic risk is defined as the risk
that large parts of the financial system default leading to negative repercussions in the real
economy because of a subsequent lack of financial services provision and credit. In our paper
we define systemic risk as the proportion of the financial system in default subsequent to a
shock which hits the banks. Say, for example, the financial system consists of three banks
of which each bank holds one third of the assets held systemwide. If subsequent to a shock
two banks default, systemic risk conditional on the shock equals 1/3.

Since we are also interested in how much each bank contributes to systemic risk, we
need a metric to measure their impact. While there is much agreement about the general
definition of systemic risk, there is much less agreement upon quantitative measures for
individual contributions. The traditional analysis for measuring contribution to systemic
risk was based upon the judgement of whether the defaulting bank or group of intermediary
was too big to fail: such an assessment is based on indicators such as the institution’s size
relative to the system, market share concentration, based for instance on the Herfindahl-
Hirschman Index, the oligopolistic structure of the market and the presence of barriers to

entries. Recently and due to the emergence of complex financial relations, the focus of
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contribution to systemic risk measures has been shifted toward an assessment of the too
interconnected to fail. 1t is on this last concept that we focus. One measure which has been
recently proposed to determine the link between systemic risk and interconnection is the
Shapley value!!, an indicator which allows us to determine the contribution of individual
banks to aggregate risk. In game theory this value is used to find the fair allocation of gains
obtained by cooperation among players. For a game consisting of I players the Shapley value

is defined as:

o)== D oK)= (u(K) —{i}) (8)

" K34 KCI

where [ is the set of all players, v(K) is the value obtained by coalition K, including
player ¢ and (v(K) — {i}) is the value of coalition K without player, and j is the number of
coalitions.

The Shapley value for player ¢ is the average contribution to the gain of the coalition
over all permutations in which players can form a coalition. The Shapley value has the
following properties:

1. Pareto efficiency. The total gain of a coalition is distributed.

2. Symmetry. Players with equivalent marginal contributions obtain the same Shapley
value.

3. Additivity. If one coalition can be split into two sub-coalitions then the pay-off of
each player in the composite game is equal to the sum of the sub-coalition games.

4. Zero player. A player that has no marginal contribution to any coalition has a
Shapley value of zero.

Since the number of permutations involved in calculating the Shapley value increases
strongly with the number of banks, the analysis is subject to the curse of dimensionality.

The Shapley value can be approximated by the average contribution of banks to systemic

1 See Shapley [24]. See also Tarashev, Borio, and Tsatsaronis 7] and Bluhm and Krahnen [17]. Alternative
measures of systemic risks are proposed for instance in Adrian and Brunnermeier [1] through a CoVaR
methodology.
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risk over [ randomly sampled permutations as displayed in Equation 9:

)= S ulK) (K ~ (i), ©
K;36;K,CI

The parameter [ determines the discrepancy between the real Shapley value and its estimate,

that is, the error. It can be shown that this estimator is unbiased and efficient.!?
Generally speaking the Shapley value is affected by the degree of bank interconnections.
In our model interconnection occurs through both, direct and indirect links. Direct links are
given by the correlations of shocks to non liquid assets and the exposure to others’ banks
balance sheet. Indirect links are given by the effects that a fall in the market price of non-
liquid assets has on the balance sheet of the entire system. Generally speaking the overall
degree of interconnections in our model is affected by the parameters characterizing the
optimizing decision: we will return on this point later on. The link between interconnections

and systemic risk implies that any parameter change which affects the inter-connection in

the network structure will have an impact on systemic risk as well.

3.7 Shock Transmission

In the model shocks take the form of a loss in banks’ non-liquid asset holdings 3.

If subsequent to a shock realization, a bank cannot fulfill its capital requirement, it
will sell non-liquid assets, thereby indirectly transmitting the shock to other banks, via
downward pressure on the market prices of non-liquid assets. If it still cannot fulfill the
capital requirement, the bank will default. The clearing algorithm for shock transmission is
an iterative process displayed on Figure 2.4

Banks’ assets are diminished by the initial shock (step A on Figure 2). Banks that

cannot fulfill the capital requirement start selling non-liquid assets in the market (step B

12See, for example, [25].

13We follow Bluhm and Krahnen [17] to model the shock transmission process. Other shocks are possible,
for example a sudden drop in non-liquid asset prices or the default of a bank in the system.

4Note that we use a sequential clearing algorithm here. The clearing algorithm used is [11] is not
necessary since in our setting no circular lending relations between banks can come up because banks are
either lenders or borrowers.
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A) Assign initial shock

|
A4

B) Banks sell non-
liquid assets

to fulfill capital
requirement

C) Identify bankrupt
D) Assign shock in the | banks and update
adjacency matrix D | shock to interbank
[ lendings

E) Exit after shocks to
solvent banks are fully
assigned

Figure 2: Algorithm for Shock Transmission

on Figure 2 modeled by the tatonnement process outlined before). Banks that are not
able to fulfill the capital requirement even after selling all their non-liquid assets default.
Insolvent banks with negative equity-value transmit shocks to their creditors until they
have an equity-value of zero. Thus, the overall shock to bank i’s creditors is computed as
—2;a;+p-bi+c— ) ;l;—d;in case it defaults (step C on Figure 2). In case there are
shocks via the interbank liability channel they are assigned proportionally to the insolvent
bank’s individual liabilities, respecting seniority of deposit holders (step D on Figure 2), and
the iteration restarts (step B on Figure 2). If there are no shocks via the interbank liability
channel the initial shock has been absorbed and systemic risk conditional on this shock is

computed (step E on Figure 2).
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4 Adverse Shocks and Prudential Policy: Effects on Net-
work Evolution and Systemic Risk

In this section we analyze the effects of changes in the policy regulatory parameters and
in response to a shock to non-liquid assets on the contribution of each individual bank to
systemic risk. The contribution to systemic risk will be interpreted through the lenses of
the evolution in the network structure: certain changes in the regulatory and policy pa-
rameters will determine certain optimal portfolio allocation, which through the evolution of
the network structure, will affect the dynamic contribution to systemic risk. To fix ideas
we will consider a system of N = 15 which we consider as representative of mildly concen-
trated banking systems. In our analyses we will change several of our baseline parameters
outlined on Table 2 to investigate the impact on systemic risk and banks’ contribution to
it. Furthermore, we will investigate how risk charges affect banks’ portfolio decisions and
thus equilibria on the markets for interbank and non-liquid assets. Risk charges have been
suggested as a Pigouvian instrument to achieve two goals at the same time, (i) incentivize
banks to lower their contribution to systemic risk, and, (ii), charge banks according to their
negative externality on the financial system. For example, with the introduction of the Re-
strukturierungsfondsgesetz in Germany banks are charged a levy which depends (i) on their
interconnectedness with other banks and, (ii), the extent of their derivative investments.
The proceeds of these levies are used to finance a resolution fund to stabilize the financial
system. Note that all results reported as well as confidence intervals given are based on
the mean outcomes from 1000 multivariate normally distributed random shocks which are

centered at a value of 5% and have a variance of 25.

4.1 Analyses Without Central Bank Intervention

The financial system which will be used in the following analyses is displayed on Table 3. It
is a random realization based on the baseline parameters outlined on Table 2. On the table,

banks are designated with letter B. Each bank’s assets are displayed along the according
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row and banks liabilities are displayed along the according column. For example, matrix
element (2,5) shows how much Bank 1 has lent to Bank 5. The last two columns designate
non-liquid assets (NLA) and liquid assets (LA), that is, cash, respectively. The last row are

assets from the rest of the world, that is, deposits.

Figure 3 displays a visual outline of the financial system displayed on Table 3. Each bank is
represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter
of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative
to the sum of all risk weighted assets in the financial system. An arrow pointing from bank
A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow
indicating the amount of funds lent relative to banks’ equity. Below each of the stylized
financial system there are four further indicators. First, the red ball gives an indication
about the percentage of the financial systems a specific ball designates. Second, the thickness
of the black line below gives an indication about how much lending a representative arrow
designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest
rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E)
ratio gives an indication about how much banks have invested on average in non-liquid
assets relative to their equity.

Table 4 displays systemic risk (SR) as well as banks’ contribution to it (B1 - B15), all

in the baseline setting. All values are obtained as outlined in Sub-Section 3.7.
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Financial System in Baseline Setting

‘ 5% of fin. syst. Interbank rate: 6.7315%

— 173% of banks’ equity NLA-E ratio: 801.8512%

Figure 3: Financial System in Baseline Scenario

The figure displays an outline of the financial system emerging in the baseline setting. Each bank is represented by a red ball, with the banks’
identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative to the
sum of all risk weighted assets in the financial system. An arrow pointing from bank A to bank B shows that bank A has lent money to bank B,
with the thickness of the arrow indicating the amount of funds lent relative to banks’ equity. Below each of the stylized financial system there are
four further indicators. First, the red ball gives an indication about the percentage of the financial systems a specific ball designates. Second, the
thickness of the black line below gives an indication about how much lending a representative arrow designates relative to banks’ equity. Third,
the interbank rate is the equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives
an indication about how much banks have invested on average in non-liquid assets relative to their equity.

Bl B2 B3 B4 BS5 B6 DB7 DBS8
0.00 0.00 0.03 005 004 0.03 000 0.04
B9 B10 B11 B12 B13 B14 B1l5 SR
0.06 0.06 0.03 0.05 0.00 0.04 0.00 0.43

Table 4: Systemic Risk and Banks’ Contribution in the Baseline Setting Without Central
Bank Intervention

The table displays banks’ contribution to systemic risk, as well as overall systemic risk (SR), in the baseline setting. Note that values have been
rounded.
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Figure 4 displays selected financial system realizations at different liquidity requirements,
with all remainder model parameters kept at their baseline value. In each of those realizations
a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The
diameter of a ball indicates the bank’s size, measured by the sum of its risk weighted assets
relative to the sum of all risk weighted assets of all banks in the financial system. An arrow
pointing from bank A to bank B shows that bank A has lent money to bank B, with the
thickness of the arrow indicating the amount of funds lent relative to banks’ equity. Below
each of the stylized financial systems there are four further indicators. First, the red ball
gives an indication about the percentage of the financial system a specific ball designates.
Second, the thickness of the black line below gives an indication about how much lending
a representative arrow designates relative to banks’ equity. Third, the interbank rate is the
equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-
equity (NLA-E) ratio gives an indication about how much banks have invested on average in
non-liquid assets relative to their equity. On the figure, four developments can be identified
with increasing values of the liquidity requirement. First, the financial system becomes
more concentrated, that is, few banks get very big relative to the remainder banks in the
financial system. Second, the number of banks which engage in interbank lending increases.
Third, the interest rate on the interbank market increases. Fourth, the relative amount of
non-liquid asset investments to banks’ equity decreases. The mechanisms which drive these
developments are as follows. When banks have to hold a larger fraction of their deposits as
liquid assets, can invest less in the interbank market (via supplying funds to the market)
and non-liquid investments. The latter banks try to replace the funds from their deposits
which they now have to hold in cash via increasing their demand for funds on the interbank
market. This pushed up the interest rate which in turn makes it more profitable for banks
whose return on non-liquid assets is now below the interest rate on the interbank market
to invest their funds into interbank lending instead of non-liquid assets. The number of

banks engaging in interbank market lending activities thus increases. At the same time this
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Financial system for a=0

. 5% of fin. syst. Interbank rate: 4.2957%

— 193% of banks' equity NLA-E ratio: 878.3984%

Financial system for 0=0.6

@1

[ ] 3% of fin. syst. Interbank rate: 7.8973%

— 145% of banks' equity NLA-E ratio: 417.2358%

Financial system for a=0.4

Financial system for a=0.2

— 165% of banks’ equity NLA-E ratio: 724.9282% — 146% of banks’ equity NLA-E ratio: 571.082%

Financial system for a=0.8 Financial system for a=1

] 2% of fin. syst. Interbank rate: 8.7498% ° 1% of fin. syst. Interbank rate: 9.6342%

— 114% of banks' equity NLA-E ratio: 263.3897% — 87% of banks' equity NLA-E ratio: 109.5435%

Figure 4: Financial System Structures and Liquidity Requirement

The figure displays selected financial system realizations at different liquidity requirements, with all remainder model parameters kept at their
baseline value. In each of those realizations a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter
of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in
the financial system. An arrow pointing from bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow
indicating the amount of funds lent relative to banks’ equity. Below each of the stylized financial systems there are four further indicators. First,
the red ball gives an indication about the percentage of the financial system a specific ball designates. Second, the thickness of the black line
below gives an indication about how much lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the
equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how
much banks have invested on average in non-liquid assets relative to their equity.
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decreases the amount of overall investment into non-liquid assets in the financial system.

Figure 5 shows a visualization of systemic risk and banks’ contribution to it when the
liquidity ratio, «, increases. The figure displays systemic risk (y-axis on panel 16, bottom
right) and banks’ contribution to it (y-axis on panels 1 to 15) as solid lines over different
values of the liquidity requirement ratio, with all other model parameters kept as in the
baseline setting. The dotted lines are the two standard deviation error bands. On panel 16,
the dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings
relative to the sum of all banks’ equity, and the dash-dotted line is the non-liquid-assets-to-
equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the
sum of all banks’ equity.

On the figure, three developments can be identified when the liquidity requirement
increases. First, systemic risk (panel 16) decreases. Second, the amount of non-liquid asset
investment relative to banks’ equity decreases. Third, interbank lending relative to banks’
equity first increases and then decreases again. Note that the contribution of banks to
systemic risk is usually higher for banks which have borrowed because (i) they hold many
non-liquid assets which can cause firesales spirals in the financial system and, (ii), since they
have borrowed, they can directly transmit shocks in the financial system if they default on
their debt.

The mechanism for these developments is outlined in the following. Increasing the cap-
ital requirement ratio leads banks to hold more of their deposits in cash instead of investing
them into non-liquid assets or the interbank market. Banks which want to keep their level
of non-liquid asset investment thus increase their demand for funds on the interbank mar-
ket. The interest rate for interbank funds thus increases. As outlined before, banks whose
return on non-liquid asset investments is now below the yield on the interbank market start
providing funds to other banks, which decreases the amount of non-liquid asset investment
in the financial system. The bell-shaped development of interbank lending relative to banks’

equity is driven by two opposite effects. First, the number of banks providing liquidity on
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Figure 5: Systemic Risk and Liquidity Requirement

The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 15) as solid lines over
different values of the liquidity requirement ratio, with all other model parameters kept as in the baseline setting. The dotted lines are the two
standard deviation error bands. On panel 16, the dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative
to the sum of all banks’ equity, and the dash-dotted line is the non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets

held by banks relative to the sum of all banks’ equity.

the interbank market increases, however, second, the amount each bank provides on the
interbank market gets more and more limited by the increasing liquidity requirement. The
latter effect ultimately prevails.

Next, we turn to investigating the effect of increasing the capital requirement ratio in
the financial system, . Figure 6 displays the evolution of the financial system structures at

increasing values of capital requirement. On the figure, four developments can be identified
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Financial system for y=0.01 Financial system for y=0.03 Financial system for y=0.07

® 3% of fin. syst. Interbank rate: 9.6342% (] 4% of fin. syst. Interbank rate: 8.1565% ‘ 5% of fin. syst. Interbank rate: 6.8342%
- 510% of banks' equity NLA-E ratio: 801.8512% — 265% of banks' equity NLA-E ratio: 801.8512% - 1819 of banks' equity NLA-E ratio: 801.8512%

Financial system for y=0.09 Financial system for y=0.13 Financial system for y=0.15

. 5% of fin. syst. Interbank rate: 4.2957%

— 170% of banks' equity NLA-E ratio: 801.1734% — 245% of banks' equity NLA-E ratio: 742.5604%

-

759% of banks' equity NLA-E ratio: 681.2349%

Figure 6: Financial System Structures and Capital Requirement Ratio

The figure displays selected financial system realizations at different liquidity requirements, with all remainder model parameters kept at their
baseline value. In each of those realizations a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter
of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in
the financial system. An arrow pointing from bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow
indicating the amount of funds lent relative to banks’ equity. Below each of the stylized financial systems there are four further indicators. First,
the red ball gives an indication about the percentage of the financial system a specific ball designates. Second, the thickness of the black line
below gives an indication about how much lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the
equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how
much banks have invested on average in non-liquid assets relative to their equity.
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when the capital requirement ratio is increased. First, the system becomes less concentrated,
that is, the banks become more similar in size. Second, the interest rate on the interbank
market decreases. Third, the amount of investment into non-liquid assets relative to banks’
equity is first stable and then decreases. Fourth, less banks engage in lending funds on the
interbank market.

The mechanisms underlying these developments are outlined in the following. When
the capital requirement ratio is increased, banks can leverage less (’leverage effect’) and thus
demand less funds on the interbank market. This causes the interbank market interest rate
to decrease. As the interest rate decreases, it becomes more profitable for banks to invest into
non-liquid assets because they obtain a higher return relative to the interbank market. This
switching-in of banks into non-liquid asset investments counterbalances the ’leverage effect’
for some time. However, ultimately it prevails and the ratio of non-liquid asset investment to
banks’ equity decreases. Since banks leverage less, the system also becomes less concentrated.

Figure 7 shows the effect of changes in the capital requirement ratio on systemic risk
and banks’ contribution to it.

On the figure, three developments can be identified when the capital requirement ratio
is increased. First, the ratio of non-liquid assets to banks’ equity is first stable but starts
to decrease at high levels of capital requirement. Second, bank lending decreases. Third,
systemic risk initially increases and then decreases again.

The mechanisms underlying these developments are outlined in the following. When
the capital requirement ratio is increased, banks can leverage less which decreases their
demand for funds on the interbank market and causes the interest rate for interbank funds to
decrease. As outlined before, the ratio of non-liquid assets to banks’ equity decreases because
ultimately the leverage effect prevails over the relatively higher number of banks engaging
in non-liquid asset investments. Finally, systemic risk initially increases when more banks
start borrowing money in the interbank market, causing the financial system to become

vulnerable to shocks to a higher number of banks. However, since with an increasing capital
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Figure 7: Systemic Risk and Capital Requirement Ratio
The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 15) as solid lines over
different values of the liquidity requirement ratio, with all other model parameters kept as in the baseline setting. The dotted lines are the two
standard deviation error bands. On panel 16, the dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative
to the sum of all banks’ equity, and the dash-dotted line is the non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets
held by banks relative to the sum of all banks’ equity.
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requirement ratio less and less leverage is possible, the interbank lending channel ultimately

dries out, causing systemic risk to decrease again.
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In the following we will investigate the effects of increasing the risk weight on non-liquid
assets, x1. Figure 8displays the evolution of the financial systems at increasing values of the
risk weight on non-liquid assets. The effects and mechanisms at work when increasing the
risk weight on non-liquid assets are similar to the effects and mechanisms which arise when
increasing the capital requirement ratio.

Figure 9 shows the effect of increasing the risk weight on non-liquid asset investments on
systemic risk and banks’ contribution to it. As before, the effects and mechanisms at work
when increasing the risk weight on non-liquid assets are similar to the effects and mechanisms

which arise when increasing the capital requirement ratio.
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Figure 8: Financial System Structures and Derivative Risk Weights

The figure displays selected financial system realizations at different liquidity requirements, with all remainder model parameters kept at their
baseline value. In each of those realizations a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter
of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in
the financial system. An arrow pointing from bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow
indicating the amount of funds lent relative to banks’ equity. Below each of the stylized financial systems there are four further indicators. First,
the red ball gives an indication about the percentage of the financial system a specific ball designates. Second, the thickness of the black line
below gives an indication about how much lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the
equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how
much banks have invested on average in non-liquid assets relative to their equity.

32



Systemic Risk at Varying Degrees of X4

Bank 1 Bank 2 Bank 3 Bank 4
0.06 : 3 0.3
5 S 01 S 02 3
§ 0.04 5 5 ; 5 0.2
5 002 g 005 £ 0af £
o o : o | o
O O ..... 0
05 1 15 2 25 05 1 15 2 25
Xl Xl
Bank 5 Bank 6 Bank 7
! 0.15
- 08r c < 004 -
o : o oo =} =}
5 5 01 ool =] =
g 2 Co £ oo g
£ S oos| . - g 5 S
o o : o N o
S 0
O . . . . T
05 1 15 2 25 05 1 15 2 25
Xl Xl
Bank 10 Bank 11 Bank 12
0.2 ; - "
5 § oue § 02 § 0
3 3 3 2 02
g .g 0.1 «g 0.1 ‘g
o O 0.05 o o 01
0
ggmk 14 "F
0.1 <
S 01 g 015 S z
5 5 5 h
2 £ ol £ 005 !
£ 0.05 = = -
o [} [} x
(8] o (8} ]
— &
O——— = — 0 th
05 1 15 2 25 05 1 15 2 25 05 1 15 2 25
Xl Xl Xl

Figure 9: Systemic Risk and Derivative Risk Weights

The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 15) as solid lines over
different values of the liquidity requirement ratio, with all other model parameters kept as in the baseline setting. The dotted lines are the two
standard deviation error bands. On panel 16, the dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative
to the sum of all banks’ equity, and the dash-dotted line is the non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets
held by banks relative to the sum of all banks’ equity.
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Next we investigate the impact of increasing the risk weight on interbank lending, x2.
Figure 10 displays the evolution of the financial system along increasing values of the risk
weight on interbank lendings. On the figure, there are three developments which can be
identified when the risk weight on interbank lendings is increased. First, the interbank
market interest rate is stable and then increases. Second, the ratio of non-liquid assets to
banks’ equity is first stable and then decreases. Third, in tendency the number of banks
engaging in interbank lending increases.

The mechanisms leading to these developments are described in the following. Increasing
the risk weight on interbank lending from a certain point onwards reduces supply of lending
banks on the interbank market. This causes the interbank interest rate to increase. This
in turn increases the number of banks engaging in interbank lending if the interest rate on
the interbank market is above their return on non-liquid assets. This causes the non-liquid
assets to equity ratio to decline.

Figure 11 shows the effect of increasing the risk weight on interbank lendings on systemic
risk and banks’ contribution to it. On the figure there are thee developments which can be
identified when the risk weight on interbank lending is increased. First, systemic risk initially
increases and then decreases again. Second, the ratio of non-liquid assets to banks’ equity
is first stable and then decreases. Third, the ratio of interbank lending to banks’ equity is
first stable and then decreases.

Increasing the risk weight on interbank lendings reduces supply of funds on the interbank
market and thus increases the interbank interest rate to increase. Thus banks which otain a
higher return on interbank lending than on non-liquid asset investments engage as lenders in
the interbank market. The higher interconectedness in the financial system causes systemic
risk to increase. However, from some point onwards, the high risk weight on interbank
lendings causes the interbank market to dry out which in turn causes systemic risk to decrease

again.
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Financial system for x2=0,1 Financial system for Xz=0'4

. 5% of fin. syst. Interbank rate: 6.7315% . 5% of fin. syst. Interbank rate: 6.7315%

— 173% of banks' equity NLA-E ratio: 801.8512% — 173% of banks' equity NLA-E ratio: 801.8512%

Financial system for X,=1.3 Financial system for X,=1.9

— 173% of banks’ equity NLA-E ratio: 799.6797% — 170% of banks' equity NLA-E ratio: 777.5647%

Financial system for x2=1

. 5% of fin. syst. Interbank rate: 6.7315%

— 173% of banks' equity NLA-E ratio: 799.6797%

Financial system for )(2:2.2

. 5% of fin. syst. Interbank rate: 7.0739%

— 160% of banks’ equity NLA-E ratio: 762.3074%

Figure 10: Financial System Structures and Interbank Lending Risk Weights

The figure displays selected financial system realizations at different liquidity requirements, with all remainder model parameters kept at their
baseline value. In each of those realizations a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter
of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in
the financial system. An arrow pointing from bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow
indicating the amount of funds lent relative to banks’ equity. Below each of the stylized financial systems there are four further indicators. First,
the red ball gives an indication about the percentage of the financial system a specific ball designates. Second, the thickness of the black line
below gives an indication about how much lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the
equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how

much banks have invested on average in non-liquid assets relative to their equity.
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Figure 11: Systemic Risk and Interbank Lending Risk Weights
The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 15) as solid lines over
different values of the liquidity requirement ratio, with all other model parameters kept as in the baseline setting. The dotted lines are the two
standard deviation error bands. On panel 16, the dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative
to the sum of all banks’ equity, and the dash-dotted line is the non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets
held by banks relative to the sum of all banks’ equity.
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Finally we investigate the impact of introducing risk charges on banks’ derivative in-
vestments (non-liquid assets) as well as banks’ interconnectedness (bank borrowing). To do
so, banks will include these levies in their profit optimization function. More specifically, the
profit optimization functions given by Equation (1) changes as outlined in Equation (10)

| ' 4 . lat
mh = Bl — (0 A By) B+ (1 — ) - e

nla (10)

Dy

where [3; is the risk levy for interconnectedness and s is the risk levy for derivative
investments.

Figure 12 displays the development of the financial system along increasing values of the
systemic risk charges. On the figure, there are three developments which can be identified.
First, the number of banks engaging in interbank lending activity decreases. Second, the
interest rate on the interbank market decreases. Third, the amount of non-liquid investments
decreases slightly.

The penalty parameter on non-liquid assets lowers banks’ yield in this asset class and
makes them engage in interbank lending activity if their return on non-liquid assets is below
the return on the interbank market. Banks’ investment in non-liquid assets thus decreases
and supply of funds on the interbank market increases. The latter pushes down the interest
rate on the interbank market.

The penalty parameter on interbank borrowing puts a wedge between the interest rate
banks obtain for lending and the interest rate banks have to pay to borrow. Banks’ demand
for interbank funding decreases, lowering the interest rate on the interbank market relative
to the interest rate which would prevail in absence of the wedge.

Figure 13 displays the effect of introducing penalty parameters on banks’ derivative
investments and banks interbank borrowings on systemic risk and banks’ contribution to
it. The penalty parameter on derivatives (f;) lowers banks’ return on non-liquid asset
investments, thus lowering banks’ investments in this asset class. The penalty parameters

on interbank borrowing drives a wedge between the interest rate banks obtain for lending

37



Financial system for B1:3e—006 and BZZO.OOOZ Financial system for 131:39—006 and [32:0.0102 Financial system for B1:3e—006 and [32:0,0302

NLA-E ratio: 801.8512% — 218% of banks’ equity NLA-E ratio: 801.6732%

— 173% of banks’ equity NLA-E ratio: 801.8512% — 173% of banks’ equity

Financial system for B, =3e-006 and B,=0.0402 Financial system for B, =3e~-006 and ,=0.0602 Financial system for ,=3e-006 and §,=0.0702

NLA-E ratio: 799.6797% — 442% of banks’ equity NLA-E ratio: 799.6797%

— 289% of banks’ equity NLA-E ratio: 801.6256% — 339% of banks’ equity

Figure 12: Financial System Structures and Risk Charges

The figure displays selected financial system realizations at different values for systemic risk charges for derivative investments (81) and interbank
lendings (B2), with all remainder model parameters kept at their baseline value. In each of those realizations a bank is represented by a red ball,
with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the sum of its risk weighted assets
relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A to bank B shows that bank A
has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’ equity. Below each of the stylized
financial systems there are four further indicators. First, the red ball gives an indication about the percentage of the financial system a specific ball
designates. Second, the thickness of the black line below gives an indication about how much lending a representative arrow designates relative to
banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity
(NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid assets relative to their equity.
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Figure 13: Systemic Risk and Risk Charges
The figure displays systemic risk and banks’ contribution to it on the y-axes over a range of increasing values for the penalty parameters for
derivatives (1) and interbank lendings (82) on the z- and x-axes, respectively.

and the rate banks have to pay for borrowing. This causes the interbank market to dry out.
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4.2 Analyses with Central Bank Intervention

Central banks intervene in the interbank market both as part of the normal activity of their
operational system as well as for unconventional interventions. Both the New York Fed and
the ECB achieve the target policy rate by supplying or withdrawing liquidity from the market
as part of their normal operational procedures. In times of financial crises and following the
disruption of trust in the interbank market as well as the ensuing liquidity hoarding, central
banks around the globe have taken unconventional measures also with direct borrowing and
lending to individual banks. We therefore want to reconsider the results obtained so far
under the assumption that a central bank intervenes in the interbank market.

The central bank is defined as the n'* bank. This bank will neither hold cash or non-
liquid assets, but will solely supply or demand capital on the interbank market. The main
goal is that of achieving its desired target interest rate. We assume that the central bank
has unlimited funds and thus cannot default.

Prior to any shock central bank interventions can be characterized as follows. If the
target interest rate is below the equilibrium interest rate on the interbank market, namely
the equilibrium interest rate achieved in absence of any central bank intervention, the central
bank supplies money until the target is achieved. It demands money in the opposite case.

Following endogenous changes in the financial system structure (e.g. through supervi-
sory intervention) the equilibrium interest rate will deviate from the central bank’s target:
in this case the central bank intervenes via supplying/drawing liquidity to/from the market
until the interest rate on the interbank market is within a distance D’ to its desired rate
(the default value for D* is set to 100 basis points).

The parameters in the baseline setting with central bank are the same as displayed on
Table 2, with the addition, that the target interest rate of the central bank equals 6.83%
which is the equilibrium interest rate in the baseline scenario with N — 1 banks in absence
of the central bank. Note that the central bank will start intervening, if due to parameter

changes the money market rate deviates from its target corridor which is .5 percentages
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points around the target rate.

Figure 14 outlines the financial system realization from the baseline scenario. The

complete financial system matrix is outlined on Table 77,

Financial System in Baseline Setting

5% of fin. syst. Interbank rate: 6.8314%

— 193% of banks’ equity NLA-E ratio: 801.7475%

Figure 14: Financial System in Baseline Scenario With Central Bank Intervention

The figure displays an outline of the financial system emerging in the baseline setting with central bank intervention. Each bank is represented
by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the sum of its
risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A to bank
B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’ equity.
Below the stylized financial system there are four further indicators. First, the red ball gives an indication about the percentage of the financial
system a specific ball designates. Second, the thickness of the black line below gives an indication about how much lending a representative arrow
designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank market. Fourth, the
non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid assets relative to their
equity.

Figure 16 displays selected financial systems at different values of the liquidity require-
ment with central bank intervention. Increasing the liquidity requirement leads to an in-
creasing interest rate until it stabilizes at the upper boundary of the central bank’s interest
rate corridor. Furthermore, the size of the central bank with respect to the financial system

increases and the financial system gets more heterogenous. Figure 16 displays the effect of
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Financial system for a=0 Financial system for a=0.2 Financial system for a=0.4

— 196% of banks' equity NLA-E ratio: 864.0623% — 165% of banks’ equity NLA-E ratio: 724.8244% — 147% of banks’ equity NLA-E ratio: 610.8443%

Financial system for a=0.8 Financial system for o=1

Financial system for a=0.6

. 4% of fin. syst. Interbank rate: 7.3314% ) 3% of fin. syst. Interbank rate: 7.3314% e 3% of fin. syst. Interbank rate: 7.3314%

— 607% of banks' equity NLA-E ratio: 610.8443% — 1026% of banks’ equity NLA-E ratio: 610.8443% — 1414% of banks' equity NLA-E ratio: 610.8443%

Figure 15: Financial System Structures and Liquidity Requirement With Central Bank
Intervention

The figure displays selected financial system realizations at different liquidity requirements, with all remainder model parameters kept at their
baseline value. Note that this set up includes central bank intervention which is by default bank 15. In each of those realizations a bank is
represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the
sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A
to bank B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’
equity. Below each of the stylized financial systems there are four further indicators. First, the red ball gives an indication about the percentage
of the financial system a specific ball designates. Second, the thickness of the black line below gives an indication about how much lending a
representative arrow designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank
market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid
assets relative to their equity.
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B1 B2 B3 B4 B5 B6 B7 BS
0.00 0.00 0.03 0.04 004 0.02 0.00 0.04
B9 B10 B1l1l B12 B13 B14 B1l5 SR

0.06 0.05 0.03 004 000 0.02 000 0.37

Table 6: Systemic Risk and Banks” Contribution in the Baseline Setting

The table displays banks’ contribution to systemic risk, as well as overall systemic risk (SR), in the baseline setting with central bank intervention.
Note that values have been rounded.

increasing the liquidity requirement on systemic risk and banks’ contribution to it. Increas-
ing the liquidity requirement first increases the loan-to-equity ratio and then decreases it
again. The non-liquid assets-to-equity ratio first decreases and then stays flat. Similarly,
systemic risk at first decreases and then stays flat. As outlined in previous analyses, in-
creasing the liquidity requirement in tendency drives up the interest rate on the interbank
market. However, with central bank intervention this effect only applies within the central
bank interest corridor, that is, between 6.33% and 7.33%. If the interest rate hits the upper
boundary of the corridor, the central bank starts supplying liquidity to prevent the interest
rate from increasing further. Thus, borrowing banks obtain funds from the central bank
which increases in size relative to the financial system. The non-liquid asset investments
only decrease up to the point where the interest rate is capped because of the previously
outlined substitution of non-liquid assets from banks to interbank investment if their yield on
non-liquid asset investments lies below the interbank market interest rate. The loan-to eq-
uity ratio initially increases because of the same substitution effect but then decreases again
because with an increasing liquidity requirement banks have less and less fund to lend on
the interbank market. Since the non-liquid asset investments and banks’ interconnectedness

do not decline from some point onwards, systemic risk remains flat.
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Figure 16: Systemic Risk and Liquidity Requirement With Central Bank Intervention

The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 14) as solid lines over
different values of the liquidity requirement ratio, with all other model parameters kept as in the baseline setting. Note that this set up includes

central bank intervention which is by default bank 15. The dotted lines are the two standard deviation error bands. On panel 16, the dashed line
is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative to the sum of all banks’ equity, and the dash-dotted line is the
non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the sum of all banks’ equity.
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Figure 17 displays selected financial systems at various capital requirement ratios with
central bank intervention. Increasing the capital requirement ratio, lowers the interest rate
on the interbank market within the interest rate corridor of the central bank. At low levels of
capital reqiurement, the central bank is very big and at very high capital requirement ratios
the central bank is very small, both with respect to the financial system. Overall, the financial
system gets more homogenous with an increasing capital requirement ratio and the number
of lending banks increases. Figure 18 displays systemic risk and banks’ contribution to it
with central bank intervention when the capital requirement ratio is increased. Increasing the
capital requirement ratio leads to a decrease in systemic risk as well as to a decreasing non-
liquid assets-to-equity ratio and loan-to-equity ratio. At relatively low capital requirement
ratios banks demand for interbank liquidity pushed up the interest rate to the upper bound
of the interest rate corridor. Increasing the capital requirement ratio then results in less
demand of funds on the interbank market, reducing the necessary interest rate stabilizing
intervention by the central bank. At some point , when the interbank interest rate is within
the central bank corridor, the central bank does not intervene. However, as banks an leverage
less and less and the interes rate sinks, les banks provide liquidity on the interbank market
because it becomes profitable for them to invest in non-liquid assets. When the lower bound
of the central bank’s interest rate corridor is hit it starts absorbing liquidity from the market

to stabilize the interest rate.
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Financial system for y=0.01 Financial system for y=0.03

Financial system for y=0.07

o (b
L] 5% of fin. syst. Interbank rate: 7.3314% o 5% of fin. syst. Interbank rate: 7.3314% . 5% o fin. syst Interbank rate: 6.974%
— 5727% of banks' equity NLA-E ratio: 2748.7994% -— 17829 of banks' equity NLA-E ratio: 1374.3997% — 187% of banks' equity NLA-E ratio: 801.7475%

Financial system for y=0.09 . .
4 v Financial system for y=0.13 Financial system for y=0.15

— 173% of banks' equity NLA-E ratio: 777.5396% — 695% of banks’ equity NLA-E ratio: 541.0789% — 779% of banks’ equity NLA-E ratio: 461.237%

Figure 17: Financial System Structures and Capital Requirement Ratio With Central Bank
Intervention

The figure displays selected financial system realizations at different capital requirement ratios, with all remainder model parameters kept at their
baseline value. Note that this set up includes central bank intervention which is by default bank 15. In each of those realizations a bank is
represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the
sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A
to bank B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’
equity. Below each of the stylized financial systems there are four further indicators. First, the red ball gives an indication about the percentage
of the financial system a specific ball designates. Second, the thickness of the black line below gives an indication about how much lending a
representative arrow designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank
market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid
assets relative to their equity.
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Figure 18: Systemic Risk and Capital Requirement Ratio With Central Bank Intervention
The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 14) as solid lines over
different values of the capital requirement ratio, with all other model parameters kept as in the baseline setting. Note that this set up includes
central bank intervention which is by default bank 15. The dotted lines are the two standard deviation error bands. On panel 16, the dashed line
is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative to the sum of all banks’ equity, and the dash-dotted line is the
non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the sum of all banks’ equity.
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Figure 19 displays selected financial systems at various levels of the risk weight for
non-liquid asset investments. On the figure, the interest rate tends to decrease from the
upper central bank corridor to the lower central bank corridor, the banking system becomes
more homogenous with respect to banks’ size, and investmens into non-liquid assets rapidly
go down, all when the risk weight on non-liquid assets is increased. Figure 20 displays
systemic risk and banks’ contribution to it when the risk weight on non-liquid assets is
increased. Increasing the weight on derivatives results in less investments in that asset class,
furthermore interbank market lending and systemic risk decrease.

The mechanisms leading to the effects described above are similar to the effects taking

place when the capital requirement ratio is increased.
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Financial system for X.=1

o 49% of fin. syst. Interbank rate: 7.3314% [ ]} 5% of fin. syst. Interbank rate: 7.3314% ‘ 5% of fin. syst. Interbank rate: 6.8314%

— 15231% of banks' equity NLA-E ratio: 6108.4432% — 2229% of banks' equity NLA-E ratio: 1527.1108% — 193% of banks' equity NLA-E ratio: 801.7475%

Financial system for x1=l.3

Financial system for X719 Financial system for x,=2.2

— 441% of banks’ equity NLA-E ratio: 661.1849% — 8089% of banks’ equity NLA-E ratio: 441.4181% 8219 of banks’ equity. NLA-E ratio: 375.7641%

Figure 19: Financial System Structures and Derivative Risk Weights With Central Bank
Intervention

The figure displays selected financial system realizations at different risk weights for derivative investments, with all remainder model parameters
kept at their baseline value. Note that this set up includes central bank intervention which is by default bank 15. In each of those realizations a
bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured
by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from
bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative
to banks’ equity. Below each of the stylized financial systems there are four further indicators. First, the red ball gives an indication about the
percentage of the financial system a specific ball designates. Second, the thickness of the black line below gives an indication about how much
lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the
interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in
non-liquid assets relative to their equity.
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Figure 20: Systemic Risk and Derivative Risk Weights With Central Bank Intervention
The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 14) as solid lines over
different values of the risk weight for derivatives, with all other model parameters kept as in the baseline setting. Note that this set up includes
central bank intervention which is by default bank 15. The dotted lines are the two standard deviation error bands. On panel 16, the dashed line
is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative to the sum of all banks’ equity, and the dash-dotted line is the
non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the sum of all banks’ equity.
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Figure 21 displays selected financial systems at various risk weights for banks’interbank
lending. Increasing the risk weight for interbank lending leaves derivative investments al-
most unaffaected, because the interest rate can only increase little between the interest rate
corridor boundaries. Furthermore, when the interest rate on the interbank market increases,
more banks start lending on the interbank market.

Figure 22 displays systemic risk and banks contribution to it when the risk weight
on interbank lending is increased. When increasing the risk weight on interbank lending,
systemic risk increases slightly, the loan-to-equity ratio decreases and the non-liquid assets-
to-equity ratio decreases slightly.

Increasing the risk weight on interbank lending leads to less supply of funds to the
interbank market. The interest rate thus tends to decrease which in turn increases the
number of banks engaging in interbank lending because they obtain a higher yield than
from derivative investments. When the interbank interest rate hits the upper bound of the
central bank’s interest rate corridor, the central bank starts supplying funds to stabilize
it. In the model systemic risk increases slightly because the banking system becomes more
interconnected and non-liquid asset investments only decrease slightly up to the point when

the central bank starts supplying funds to the market.
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— 1939% of banks’ equity NLA-E ratio: 799.4209% — 201% of banks' equity NLA-E ratio: 784.2117% — 184% of banks’ equity NLA-E ratio: 766.6308%

Figure 21: Financial System Structures and Interbank Lending Risk Weights With Central
Bank Intervention

The figure displays selected financial system realizations at different risk weights for interbank lendings, with all remainder model parameters kept
at their baseline value. Note that this set up includes central bank intervention which is by default bank 15. In each of those realizations a bank
is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the
sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A
to bank B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’
equity. Below each of the stylized financial systems there are four further indicators. First, the red ball gives an indication about the percentage
of the financial system a specific ball designates. Second, the thickness of the black line below gives an indication about how much lending a
representative arrow designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank
market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid
assets relative to their equity.
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Figure 22: Systemic Risk and Interbank Lending Risk Weights With Central Bank Inter-
vention

The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 14) as solid lines over
different values of the risk weight for interbank lending, with all other model parameters kept as in the baseline setting. Note that this set up
includes central bank intervention which is by default bank 15. The dotted lines are the two standard deviation error bands. On panel 16, the
dashed line is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative to the sum of all banks’ equity, and the dash-dotted
line is the non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the sum of all banks’ equity.
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Figures 23 displays selected financial system realizations when increasing the central
bank’s target rate in a comparative static fashion. Increasing the target rate for the central
bank results in decreasing non-liquid asset investments. When the target interest rate is
below the equilibrium rate corridor on the interbank market in absence of central bank
intervention the central bank is mopping funds to push up the interest rate and when the
target rate is above the equilibrium rate corridor, the central bank supplies funds to push
down the interest rate. Furthermore, when the target rate increases, banks invest more on
the interbank market and less in non-liquid assets.

Figure 24 displays systemic risk and banks’ contribution to it when the central bank
increases its target interest rate. Increasing the target interest rate results in the loan-
to-equity ratio first increasing and then decreasing again, investments in non-liquid assets
decrease, and systemic risk goes down. When the central bank increases its target interest
rate, it implements the target via supplying less funds to the market (or, if the supply
gets negative, via draining funds). When the interest rate then increases it becomes more
profitable to engage in interbank lending if their return on non-liquid assets is below the
interbank market rate. This causes the lending-to-equity ratio to increase at the expense
of non-liquid asset investments. However, this decrease in banks who invest in non-liquid
assets ultimately decreases demand for funds on the interbank market (because less banks
demand funds there for leveraging up), thus the liquidity exchanged on the interbank market

decreases again at increasing levels of the central bank’s target rate.
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Figure 23: Financial System Structures and Central Bank Target Rate

The figure displays selected financial system realizations at interest rate targets for the central bank, with all remainder model parameters kept
at their baseline value. The central bank is by default bank 15. In each of those realizations a bank is represented by a red ball, with the banks’
identifiers in the middle of the ball. The diameter of a ball indicates the bank’s size, measured by the sum of its risk weighted assets relative
to the sum of all risk weighted assets of all banks in the financial system. An arrow pointing from bank A to bank B shows that bank A has
lent money to bank B, with the thickness of the arrow indicating the amount of funds lent relative to banks’ equity. Below each of the stylized
financial systems there are four further indicators. First, the red ball gives an indication about the percentage of the financial system a specific ball
designates. Second, the thickness of the black line below gives an indication about how much lending a representative arrow designates relative to
banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the interbank market. Fourth, the non-liquid-assets-to-equity
(NLA-E) ratio gives an indication about how much banks have invested on average in non-liquid assets relative to their equity.
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Figure 24: Systemic Risk and Central Bank Target Rate
The figure displays systemic risk (y-axis on panel 16, bottom right) and banks’ contribution to it (y-axis on panels 1 to 14) as solid lines over
different values of the central bank’s target rate, with all other model parameters kept as in the baseline setting. Note that this set up includes
central bank intervention which is by default bank 15. The dotted lines are the two standard deviation error bands. On panel 16, the dashed line
is the loan-to-equity (L-E) ratio, that is, the sum of all interbank lendings relative to the sum of all banks’ equity, and the dash-dotted line is the
non-liquid-assets-to-equity (NLA-E) ratio, that is, the sum of all non-liquid assets held by banks relative to the sum of all banks’ equity.
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Figure 25 displays selected financial systems at different risk charges on derivative in-
vestments and interbank lending. Increasing the risk charges on derivative investments and
interbank lending results in decreasing non-liquid asset investments, less bank activity and
a decreasing interest rate, both on the interbank market. Furthermore the financial system
becomes more homogenous with respect to banks’ size. Figure 26 displays systemic risk
and banks’ contribution to it when the risk charges on derivative investments and interbank
lending are increased. When the risk charges increase systemic risk and banks’ contribu-
tion to it in tendency decreases, though the decline is not monotoneously for all banks. As
outlined before, the penalty parameter on non-liquid assets lowers banks’ yield in this as-
set class and makes them engage in interbank lending activity if their return on non-liquid
assets is below the return on the interbank market. Banks’ investment in non-liquid assets
thus decreases and supply of funds on the interbank market increases. The latter tends to
pushe down the interest rate on the interbank market. The penalty parameter on interbank
borrowing puts a wedge between the interest rate banks obtain for lending and the interest
rate banks have to pay to borrow. Banks’ demand for interbank funding decreases, lowering
the interest rate on the interbank market relative to the interest rate which would prevail in
absence of the wedge. In presence of central bank intervention, however, the results stem-
ming from the interest decreases are limited to the lower bound of the central bank’s target
rate. This results in the central bank mopping up existant liquidity when the lower bound
is hit, liquidity which would otherwise be invested in non-liquid investments. Investments in
non-liquid assets thus decrease stronger than in the case without central bank intervention.
Furthermore, since existent direct links between banks at high levels of risk charges are only
between banks and the central banks, the direct shock transmission channel is also more
dampened than in the case without central bank intervention. Overall, the latter two effects
cause systemic risk to decrease stronger in reaction to systemic risk charges with central

bank intervention than in the case without central bank intervention.
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Figure 25: Financial System Structures and Risk Charges With Central Bank Intervention
The figure displays selected financial system realizations at different values for systemic risk charges for derivative investments (1) and interbank
lendings (B2), with all remainder model parameters kept at their baseline value. The central bank is by default bank 15. In each of those
realizations a bank is represented by a red ball, with the banks’ identifiers in the middle of the ball. The diameter of a ball indicates the bank’s
size, measured by the sum of its risk weighted assets relative to the sum of all risk weighted assets of all banks in the financial system. An arrow
pointing from bank A to bank B shows that bank A has lent money to bank B, with the thickness of the arrow indicating the amount of funds
lent relative to banks’ equity. Below each of the stylized financial systems there are four further indicators. First, the red ball gives an indication
about the percentage of the financial system a specific ball designates. Second, the thickness of the black line below gives an indication about how
much lending a representative arrow designates relative to banks’ equity. Third, the interbank rate is the equilibrium interest rate realizing on the

interbank market. Fourth, the non-liquid-assets-to-equity (NLA-E) ratio gives an indication about how much banks have invested on average in
non-liquid assets relative to their equity.
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5 Conclusions

assessing

of the recent financial crisis is the quest for measuring,

One of the major legacies

and monitoring systemic risk. So far, this task was made difficult by the mounting complexity

of the modern financial systems, all characterized by extensive degrees of interconnections,

We laid down a dynamic network model of

and the lack of models apt to perform such tasks.

sale effects contribute to propa-

network externalities and fire-

banks, in which heterogeneity,

gate financial shocks through cascades. We have shown that policy and regulatory measures
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can reduce systemic risks, directly through higher shock buffers available in the financial sys-
tem, for example in case of higher capital requirement ratios, or indirectly through banks’
optimal reaction to systemic risk charges which lead to the endogenous emergence of a more
resilient financial system structure. Note that in most cases there seems to be a trade-off
between stability and banks’ investments in non-liquid assets —which can be taken as our
models’ proxy for banks’ links with the (exogenous) real economy. Results thus indicate that
higher stability might come at the cost of a lower provision of financial products and services
to the real economy. Whether this has welfare effects would be interesting to analyze but is
beyond the scope of our current model.

Several extensions are possible of our model, ranging from the introduction of maturity

mis-match to the analysis of the optimal financial regulator problem. All this is left for future

61



research.

6 Appendix A. Banks Optimization Problem: Dual Prob-

lem

Banks’ optimization problem

minimization problem:
AN b

,nlag,cy

s.t.

nla

can be reformulated for numerical convenience in the following

A , . nlal
=i = bl () AY) b —
t

i i
—c; < —a-d;

—c; — nla;(p}'* — (v + 7)x1p") — bl (1 — (v 4 7")x2) + bb} < —d}

nla, > 0

bbi > 0

bl >0

¢4 nlalp!® + blt — bb} = d' + er!

where er! is a bank’s equity ratio. Note that the objective function is linear in its

parameters and subject to a

set of linear constraints. The minimization problem can thus

be solved via linear programming techniques.
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7 Appendix B. Banks Optimization under Shock Trans-
mission

The optimization in the shock transmission process can be formulated as follows:!%

i
bl i bl bl ; nla,i nla;
MAT i T = Ty - bly — (] + A7) - bby + 1" -

nla
t

subject to:

i i
c; > a-d

. A+ panlal + blt — di — bb

er, = 2’7+Ti

X1 - ppt - nlaj + x2bl]
¢+ nlalp!' = di + eri — bl + bbi

Note that the first two terms in the objective function are constant and thus can be

dropped from the optimization problem.

8 Appendix C. The Algorithm

As outlined in Subsection 2.3, a shock to the financial system consists of a random percentage
loss of all banks’ non liquid assets (Step A) on Figure 2). In Step B), banks re-optimize their
holdings of cash and non-liquid assets subject to the constraints outlined in Equations (3) to
(5). Note that in this step interbank lending are given and not considered as choice variables.
In Step C), bankrupt banks are identified (that is, those that violate one of the constraints in
the optimization routine) and a shock to interbank lending is set up to those banks of which
the creditor banks have a negative net value (with the net value being the difference between

a bank’s assets and liabilities). Banks with a negative net value subtract the difference

5Note that the direct interlinkage structure between banks on the interbank market is taken as given
once the system is subject to a shock. Banks thus only engage in optimizing their portfolio with respect to
their non-liquid and liquid asset holdings.
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between their assets and liabilities, first proportionally from their interbank lending, and
if there are no interbank lending left, from their deposits (Step D)). After this shock has
been assigned, banks again re-optimize their portfolio (Step B). If there are no interbank
shocks to assign and banks do not desire to change their holdings of non liquid assets on
their balance sheet, the shock has been transmitted. Systemic risk given the shock is then
calculated as the proportion of banks that default in the financial system. Expected systemic
risk is obtained via computing the average systemic risk resulting from a large number of
random shocks to the financial system, drawn from a multivariate normal distribution which
is centered at a loss of 1% and features a variance of 24, for each bank, respectively. This
shock distribution features fat tails and ensures that large shocks to individual

banks are possible.
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