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Kinetically arrested periodic clusters in active filament arrays
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A Model and analysis of array dynamics

A.1 Mean-field model for filament deformation in the pre-contacting stage
During the initial evolution of the array, but before the onset of clustering, the deformation of each individual
filament is set by the active compressive follower force and restoring elastic force. Once the filaments deform
significantly, contact between adjacent filaments ensues, and filament-filament steric interactions start to play a
role. Here, we obtain a continuum model for the initial period when filaments do not experience steric contact
forces but do experience viscous drag as a result of their motion in the ambient fluidic medium. Our aim is to
study the linear stability of these equations and thereby to understand the process and conditions under which
initially vertical filaments become unstable and deform.

Our reference state is a stationary filament of length ℓ that is vertically aligned in the y direction and can
deform in the x−y plane. Therefore, the position of each material point comprising the filament is defined by its
x and y components, measured here with respect to a laboratory-fixed origin. Let us define laboratory-fixed unit
vectors e1 and e2. The filaments are anchored along a line parallel to e1 (along the x axis), and each filament is
initially aligned parallel to e2 (parallel to the y axis). In addition to their Cartesian position, the material points
along the filament can also be located using an arc-length parameter s.

Clearly, 0 ≤ s ≤ ℓ is based on the reference state where the anchored end (base) corresponds to s = 0, and
the free end is s = ℓ. In the deformed state, let the segment of length ds located between s+ ds and s in the
reference state map to a deformed segment of length ds′. The stretch function λ (s)≡ ds′/ds quantifies the axial
stretch so that λ (s) = 1 when the filament is inextensible. We specify the shape of the filament using the angle
made by the local tangent at s with the x axis, θ(s). The tangent and normal vectors may then be written as

n(s) =−sinθe1 + cosθe2

and
t(s) = cosθe1 + sinθe2

respectively. For planar deformation without torsion,

dn/ds =−θ
′t(s), dt/ds = θ

′n(s).

The local curvature is θ ′, the subscript (prime) here denoting differentiation with respect to s. The force
resultant in the filament can be expressed as

F(s) = T (s)t(s)+N(s)n(s).

The active follower forces per unit length that act on the filament can be written as fa(s) =− fat(s).
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Each filament moves in an ambient Newtonian fluid that helps dissipate active energy. We restrict the
analysis to small Reynolds numbers and use a local description of the drag on the filament corresponding to the
freely draining limit. The friction viscous drag force per unit length is

fv(s) =−(ξ∥u∥t+ξ⊥u⊥n)

where ξ∥ and ξ⊥ are the effective viscous resistances per unit length for the motion of the filament along its
local tangent and normal vectors, respectively, and u∥ and u⊥ are the components of the local velocity of the
centerline. Since the filaments are not in contact at this pre-clustering stage, there are no contact (steric)
interactions between filaments, and so the associated force fc(s) = 0. Imposing filament inextensibility λ (s) = 1
(valid in the pre-clustering stage), and expressing the local velocity of the centerline in terms of shape changes
allows us to eliminate N from the equations. The final form of the equations for θ and T are

0 = T ′′+(θ ′′
θ
′)′− 1

γ
θ
′ (−θ

′′′+T θ
′) , (1)

0 =−θ
′′′′+(T θ

′)′− θ̇ + γθ
′ (T ′+θ

′′
θ
′−β ). (2)

where γ = ξ⊥/ξ∥. Here, we scaled forces by κ/ℓ2 and lengths by ℓ. For a pinned head (no translation, and free
rotation), the boundary conditions are

T ′(0, t)−β = 0, θ
′′′(0, t) = θ

′(0, t) = 0 (3)

The boundary conditions at the tail end are

θ
′(1, t) = θ

′′(1, t) = T (1, t) = 0. (4)

Our base state is a straight horizontal filament: θ(s) = θ0 = 0 with a static tension field given by T (s) = β (s−1)≡
T0(s).

A.2 Equations for static filaments in the cluster stabilized by contact forces
In our Brownian dynamics simulation, the beads comprising the filaments fluctuate over time. Thermal (stochas-
tic) forces affect the position of each bead comprising the filament. Additionally, time-dependent inter-bead
contact forces also cause fluctuations in position. However, when averaged over appropriately long time scales,
the shape of a filament in the interior of a cluster is approximately static. In this setting, the average viscous
drag forces acting on the beads may be neglected so that fv(s) = 0.

Focusing on such a trapped filament, we express the effective frictional contact forces acting along the
centerline (backbone) in the (dimensional) form

fc(s) = f cT (s) t(s)+ f cN(s)n(s).

At each location s, a force balance provides the relationship

F′− fat(s)+ fc(s) = 0

where, at leading order, we have
F′ = (T ′−Nθ

′)t+(N′
+T θ

′)n.

Balancing moments acting on an infinitesimal element located about s provides the relationship M′ + λ (t×
F)+Mc

N = 0 where Mc
N is an effective torque from steric interaction with adjacent filaments. Local internal
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f β ∆ Θ1 Θ2

10 29.66 2 29.74 29.48
10 29.66 3 22.51 21.65
10 29.66 4 16.65 16.43
15 44.49 2 27.71 27.69
15 44.49 3 23.52 25.86
15 44.49 4 18.37 15.92
20 59.32 2 23.03 30.17
20 59.32 3 20.27 18.13
20 59.32 4 19.22 16.92

Table A1: Averaged values of Θ1 and Θ2 measured for each pair ( f ,∆) are shown in this table. We also list the activity parameter
β corresponding to each value of f . Higher values of β correspond to stronger activity effects. A perfectly symmetric cluster
implies Θ1 = Θ2. Here differences between the two arise from the effects of noise, imperfect jamming at the colloidal scale, and
effects due to intermittent impacts from filaments oscillating between clusters.
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⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>

� = 4 and f = 5, 10, 15, 20(b) 

<latexit sha1_base64="AiJLF0UhLmV6tizAjH0wrCPxtT4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5aMYJ+hEdSB5yRo2VWiG5IZ5LeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt5l9eLhvFK7zeMowhEcwyl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8xto4u</latexit>

f = 10

<latexit sha1_base64="Tp3XxmXPrO3HHIUNclEw1MKBfp8=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hd3g6yIE9eAxgnlgsoTZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3321laXlldW89t5De3tnd2C3v7dRMlmkONRzLSzYAZkEJBDQVKaMYaWBhIaATDm4nfeAJtRKQecBSDH7K+Ej3BGVrpsX0LEhm9ouVOoeiW3CnoIvEyUiQZqp3CV7sb8SQEhVwyY1qeG6OfMo2CSxjn24mBmPEh60PLUsVCMH46vXhMj63Spb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHuXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pLwNwZt/eZHUyyXvvHR2f1qsXGdx5MghOSInxCMXpELuSJXUCCeKPJNX8uYY58V5dz5mrUtONnNA/sD5/AEK/I/d</latexit>

� = 2
<latexit sha1_base64="CV3bWpFNWml4W8/RqZBqaLjuizI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6vghBPXiMYB6wWcLsZJIMmZ1ZZnqFsOQzvHhQxKtf482/cTbZgyYWNBRV3XR3hbHgBlz32yksLa+srhXXSxubW9s75d29plGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObjO/9cS04Uo+wjhmQUQGkvc5JWAlv3PHBBB8jU9L3XLFrbpT4EXi5aSCctS75a9OT9EkYhKoIMb4nhtDkBINnAo2KXUSw2JCR2TAfEsliZgJ0unJE3xklR7uK21LAp6qvydSEhkzjkLbGREYmnkvE//z/AT6V0HKZZwAk3S2qJ8IDApn/+Me14yCGFtCqOb2VkyHRBMKNqUsBG/+5UXSPKl6F9Xzh7NK7SaPo4gO0CE6Rh66RDV0j+qogShS6Bm9ojcHnBfn3fmYtRacfGYf/YHz+QNDlI/y</latexit>

� = 3

<latexit sha1_base64="byTY1i5v4D1hOmpcnRCT82YLdjI=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKpj41Q1IXLCvYBTSiT6U07dDIJMxOhhP6GGxeKuPVn3Pk3TtostPXAhcM593LvPUHCmdKO822VVlbX1jfKm/bW9s7uXmX/oK3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8W3ud55AKhaLRz1JwI/IULCQUaKN5Hl3wDXB17hu2/1K1ak5M+Bl4hakigo0+5UvbxDTNAKhKSdK9Vwn0X5GpGaUw9T2UgUJoWMyhJ6hgkSg/Gx28xSfGGWAw1iaEhrP1N8TGYmUmkSB6YyIHqlFLxf/83qpDq/8jIkk1SDofFGYcqxjnAeAB0wC1XxiCKGSmVsxHRFJqDYx5SG4iy8vk/ZZzb2onT/Uq42bIo4yOkLH6BS56BI10D1qohaiKEHP6BW9Wan1Yr1bH/PWklXMHKI/sD5/AHw6kAc=</latexit>

� = 4

(d) 

(c) 

Figure 4: .

fb � ⇥ 1 ⇥ 2

10 � 2 29.74 29.48
10 � 3 22.51 21.65
10 � 4 16.65 16.43

15 � 2 27.71 27.69
15 � 3 23.52 25.86
15 � 4 18.37 15.92

20 � 2 23.03 30.17
20 � 3 20.27 18.13
20 � 4 19.22 16.92

Table 1: .

(a) Average cluster size (b) average width of cluster

Figure 5: .
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<latexit sha1_base64="SO75HkxN9qEo9W/nGWsG0QBd++E=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kknx61j04rFCv6CNZbPdtks3m7A7UUro//DiQRGv/hdv/huTNgdtfTDweG+GmXl+JIVBx/m2VlbX1jc2C1v29s7u3n7x4LBpwlgz3mChDHXbp4ZLoXgDBUrejjSngS95yx/fZn7rkWsjQlXHScS9gA6VGAhGMZUeuvURR9pLKlNi23avWHLKzgxkmbg5KUGOWq/41e2HLA64QiapMR3XidBLqEbBJJ/a3djwiLIxHfJOShUNuPGS2dVTcpoqfTIIdVoKyUz9PZHQwJhJ4KedAcWRWfQy8T+vE+Pg2kuEimLkis0XDWJJMCRZBKQvNGcoJymhTIv0VsJGVFOGaVBZCO7iy8ukWSm7l+WL+/NS9SaPowDHcAJn4MIVVOEOatAABhqe4RXerCfrxXq3PuatK1Y+cwR/YH3+AGsukSk=</latexit>

⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>

� = 4 and f = 5, 10, 15, 20(b) 

<latexit sha1_base64="AiJLF0UhLmV6tizAjH0wrCPxtT4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5aMYJ+hEdSB5yRo2VWiG5IZ5LeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt5l9eLhvFK7zeMowhEcwyl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8xto4u</latexit>

f = 10

<latexit sha1_base64="Tp3XxmXPrO3HHIUNclEw1MKBfp8=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hd3g6yIE9eAxgnlgsoTZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3321laXlldW89t5De3tnd2C3v7dRMlmkONRzLSzYAZkEJBDQVKaMYaWBhIaATDm4nfeAJtRKQecBSDH7K+Ej3BGVrpsX0LEhm9ouVOoeiW3CnoIvEyUiQZqp3CV7sb8SQEhVwyY1qeG6OfMo2CSxjn24mBmPEh60PLUsVCMH46vXhMj63Spb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHuXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pLwNwZt/eZHUyyXvvHR2f1qsXGdx5MghOSInxCMXpELuSJXUCCeKPJNX8uYY58V5dz5mrUtONnNA/sD5/AEK/I/d</latexit>

� = 2
<latexit sha1_base64="CV3bWpFNWml4W8/RqZBqaLjuizI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6vghBPXiMYB6wWcLsZJIMmZ1ZZnqFsOQzvHhQxKtf482/cTbZgyYWNBRV3XR3hbHgBlz32yksLa+srhXXSxubW9s75d29plGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObjO/9cS04Uo+wjhmQUQGkvc5JWAlv3PHBBB8jU9L3XLFrbpT4EXi5aSCctS75a9OT9EkYhKoIMb4nhtDkBINnAo2KXUSw2JCR2TAfEsliZgJ0unJE3xklR7uK21LAp6qvydSEhkzjkLbGREYmnkvE//z/AT6V0HKZZwAk3S2qJ8IDApn/+Me14yCGFtCqOb2VkyHRBMKNqUsBG/+5UXSPKl6F9Xzh7NK7SaPo4gO0CE6Rh66RDV0j+qogShS6Bm9ojcHnBfn3fmYtRacfGYf/YHz+QNDlI/y</latexit>

� = 3

<latexit sha1_base64="byTY1i5v4D1hOmpcnRCT82YLdjI=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKpj41Q1IXLCvYBTSiT6U07dDIJMxOhhP6GGxeKuPVn3Pk3TtostPXAhcM593LvPUHCmdKO822VVlbX1jfKm/bW9s7uXmX/oK3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8W3ud55AKhaLRz1JwI/IULCQUaKN5Hl3wDXB17hu2/1K1ak5M+Bl4hakigo0+5UvbxDTNAKhKSdK9Vwn0X5GpGaUw9T2UgUJoWMyhJ6hgkSg/Gx28xSfGGWAw1iaEhrP1N8TGYmUmkSB6YyIHqlFLxf/83qpDq/8jIkk1SDofFGYcqxjnAeAB0wC1XxiCKGSmVsxHRFJqDYx5SG4iy8vk/ZZzb2onT/Uq42bIo4yOkLH6BS56BI10D1qohaiKEHP6BW9Wan1Yr1bH/PWklXMHKI/sD5/AHw6kAc=</latexit>

� = 4

(d) 

(c) 

Figure 4: .

fb � ⇥ 1 ⇥ 2

10 � 2 29.74 29.48
10 � 3 22.51 21.65
10 � 4 16.65 16.43

15 � 2 27.71 27.69
15 � 3 23.52 25.86
15 � 4 18.37 15.92

20 � 2 23.03 30.17
20 � 3 20.27 18.13
20 � 4 19.22 16.92

Table 1: .

(a) Average cluster size (b) average width of cluster

Figure 5: .

4

<latexit sha1_base64="SO75HkxN9qEo9W/nGWsG0QBd++E=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kknx61j04rFCv6CNZbPdtks3m7A7UUro//DiQRGv/hdv/huTNgdtfTDweG+GmXl+JIVBx/m2VlbX1jc2C1v29s7u3n7x4LBpwlgz3mChDHXbp4ZLoXgDBUrejjSngS95yx/fZn7rkWsjQlXHScS9gA6VGAhGMZUeuvURR9pLKlNi23avWHLKzgxkmbg5KUGOWq/41e2HLA64QiapMR3XidBLqEbBJJ/a3djwiLIxHfJOShUNuPGS2dVTcpoqfTIIdVoKyUz9PZHQwJhJ4KedAcWRWfQy8T+vE+Pg2kuEimLkis0XDWJJMCRZBKQvNGcoJymhTIv0VsJGVFOGaVBZCO7iy8ukWSm7l+WL+/NS9SaPowDHcAJn4MIVVOEOatAABhqe4RXerCfrxXq3PuatK1Y+cwR/YH3+AGsukSk=</latexit>

⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

(a)

(b)

(c)

(d)
<latexit sha1_base64="XerezbFeJ8FgXawiDgmLD2KfVJs=">AAACGXicbVDLSsNAFJ34rPUVdelmsAguSkmKVSkIRV24rGAf0IQymU7aoZNJmJkIJeQ33Pgrblwo4lJX/o2TNgttPXDhcM693HuPFzEqlWV9G0vLK6tr64WN4ubW9s6uubfflmEsMGnhkIWi6yFJGOWkpahipBsJggKPkY43vs78zgMRkob8Xk0i4gZoyKlPMVJa6puWc0OYQvASVqFTd+qJEyA1EkGC+CBNMwX62rStMrRrZVi1+mbJqlhTwEVi56QEcjT75qczCHEcEK4wQ1L2bCtSboKEopiRtOjEkkQIj9GQ9DTlKCDSTaafpfBYKwPoh0IXV3Cq/p5IUCDlJPB0Z3a3nPcy8T+vFyv/wk0oj2JFOJ4t8mMGVQizmOCACoIVm2iCsKD6VohHSCCsdJhFHYI9//IiaVcr9lmldndaalzlcRTAITgCJ8AG56ABbkETtAAGj+AZvII348l4Md6Nj1nrkpHPHIA/ML5+AHuDnM4=</latexit>

� = 2 and f = 10, 15, 20

<latexit sha1_base64="YCtdK5EAT/XPGqkFRh/tJiMJ2oU=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwUUpSWpWCUNSFywr2AU0ok+mkHTqZhJmJUEJ/w42/4saFIi515d84abPQ1gMXDufcy733eBGjUlnWt5FbWV1b38hvFra2d3b3zP2DtgxjgUkLhywUXQ9JwignLUUVI91IEBR4jHS88XXqdx6IkDTk92oSETdAQ059ipHSUt+0nBvCFIKXsAqdulNPnACpkQgSxAfTaapAX5u2VYJ2rQQrVt8sWmVrBrhM7IwUQYZm3/x0BiGOA8IVZkjKnm1Fyk2QUBQzMi04sSQRwmM0JD1NOQqIdJPZZ1N4opUB9EOhiys4U39PJCiQchJ4ujO9Wy56qfif14uVf+EmlEexIhzPF/kxgyqEaUxwQAXBik00QVhQfSvEIyQQVjrMgg7BXnx5mbQrZfusXLurFhtXWRx5cASOwSmwwTlogFvQBC2AwSN4Bq/gzXgyXox342PemjOymUPwB8bXD37XnNA=</latexit>

� = 4 and f = 10, 15, 20

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>

� = 4 and f = 5, 10, 15, 20(b) 

<latexit sha1_base64="AiJLF0UhLmV6tizAjH0wrCPxtT4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5aMYJ+hEdSB5yRo2VWiG5IZ5LeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt5l9eLhvFK7zeMowhEcwyl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8xto4u</latexit>

f = 10

<latexit sha1_base64="Tp3XxmXPrO3HHIUNclEw1MKBfp8=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hd3g6yIE9eAxgnlgsoTZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3321laXlldW89t5De3tnd2C3v7dRMlmkONRzLSzYAZkEJBDQVKaMYaWBhIaATDm4nfeAJtRKQecBSDH7K+Ej3BGVrpsX0LEhm9ouVOoeiW3CnoIvEyUiQZqp3CV7sb8SQEhVwyY1qeG6OfMo2CSxjn24mBmPEh60PLUsVCMH46vXhMj63Spb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHuXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pLwNwZt/eZHUyyXvvHR2f1qsXGdx5MghOSInxCMXpELuSJXUCCeKPJNX8uYY58V5dz5mrUtONnNA/sD5/AEK/I/d</latexit>

� = 2
<latexit sha1_base64="CV3bWpFNWml4W8/RqZBqaLjuizI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6vghBPXiMYB6wWcLsZJIMmZ1ZZnqFsOQzvHhQxKtf482/cTbZgyYWNBRV3XR3hbHgBlz32yksLa+srhXXSxubW9s75d29plGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObjO/9cS04Uo+wjhmQUQGkvc5JWAlv3PHBBB8jU9L3XLFrbpT4EXi5aSCctS75a9OT9EkYhKoIMb4nhtDkBINnAo2KXUSw2JCR2TAfEsliZgJ0unJE3xklR7uK21LAp6qvydSEhkzjkLbGREYmnkvE//z/AT6V0HKZZwAk3S2qJ8IDApn/+Me14yCGFtCqOb2VkyHRBMKNqUsBG/+5UXSPKl6F9Xzh7NK7SaPo4gO0CE6Rh66RDV0j+qogShS6Bm9ojcHnBfn3fmYtRacfGYf/YHz+QNDlI/y</latexit>

� = 3

<latexit sha1_base64="byTY1i5v4D1hOmpcnRCT82YLdjI=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKpj41Q1IXLCvYBTSiT6U07dDIJMxOhhP6GGxeKuPVn3Pk3TtostPXAhcM593LvPUHCmdKO822VVlbX1jfKm/bW9s7uXmX/oK3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8W3ud55AKhaLRz1JwI/IULCQUaKN5Hl3wDXB17hu2/1K1ak5M+Bl4hakigo0+5UvbxDTNAKhKSdK9Vwn0X5GpGaUw9T2UgUJoWMyhJ6hgkSg/Gx28xSfGGWAw1iaEhrP1N8TGYmUmkSB6YyIHqlFLxf/83qpDq/8jIkk1SDofFGYcqxjnAeAB0wC1XxiCKGSmVsxHRFJqDYx5SG4iy8vk/ZZzb2onT/Uq42bIo4yOkLH6BS56BI10D1qohaiKEHP6BW9Wan1Yr1bH/PWklXMHKI/sD5/AHw6kAc=</latexit>

� = 4

(d) 

(c) 

Figure 4: .

fb � ⇥ 1 ⇥ 2

10 � 2 29.74 29.48
10 � 3 22.51 21.65
10 � 4 16.65 16.43

15 � 2 27.71 27.69
15 � 3 23.52 25.86
15 � 4 18.37 15.92

20 � 2 23.03 30.17
20 � 3 20.27 18.13
20 � 4 19.22 16.92

Table 1: .

(a) Average cluster size (b) average width of cluster

Figure 5: .
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<latexit sha1_base64="SO75HkxN9qEo9W/nGWsG0QBd++E=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kknx61j04rFCv6CNZbPdtks3m7A7UUro//DiQRGv/hdv/huTNgdtfTDweG+GmXl+JIVBx/m2VlbX1jc2C1v29s7u3n7x4LBpwlgz3mChDHXbp4ZLoXgDBUrejjSngS95yx/fZn7rkWsjQlXHScS9gA6VGAhGMZUeuvURR9pLKlNi23avWHLKzgxkmbg5KUGOWq/41e2HLA64QiapMR3XidBLqEbBJJ/a3djwiLIxHfJOShUNuPGS2dVTcpoqfTIIdVoKyUz9PZHQwJhJ4KedAcWRWfQy8T+vE+Pg2kuEimLkis0XDWJJMCRZBKQvNGcoJymhTIv0VsJGVFOGaVBZCO7iy8ukWSm7l+WL+/NS9SaPowDHcAJn4MIVVOEOatAABhqe4RXerCfrxXq3PuatK1Y+cwR/YH3+AGsukSk=</latexit>

⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>

� = 4 and f = 5, 10, 15, 20(b) 

<latexit sha1_base64="AiJLF0UhLmV6tizAjH0wrCPxtT4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5aMYJ+hEdSB5yRo2VWiG5IZ5LeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt5l9eLhvFK7zeMowhEcwyl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8xto4u</latexit>

f = 10

<latexit sha1_base64="Tp3XxmXPrO3HHIUNclEw1MKBfp8=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hd3g6yIE9eAxgnlgsoTZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3321laXlldW89t5De3tnd2C3v7dRMlmkONRzLSzYAZkEJBDQVKaMYaWBhIaATDm4nfeAJtRKQecBSDH7K+Ej3BGVrpsX0LEhm9ouVOoeiW3CnoIvEyUiQZqp3CV7sb8SQEhVwyY1qeG6OfMo2CSxjn24mBmPEh60PLUsVCMH46vXhMj63Spb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHuXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pLwNwZt/eZHUyyXvvHR2f1qsXGdx5MghOSInxCMXpELuSJXUCCeKPJNX8uYY58V5dz5mrUtONnNA/sD5/AEK/I/d</latexit>

� = 2
<latexit sha1_base64="CV3bWpFNWml4W8/RqZBqaLjuizI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6vghBPXiMYB6wWcLsZJIMmZ1ZZnqFsOQzvHhQxKtf482/cTbZgyYWNBRV3XR3hbHgBlz32yksLa+srhXXSxubW9s75d29plGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObjO/9cS04Uo+wjhmQUQGkvc5JWAlv3PHBBB8jU9L3XLFrbpT4EXi5aSCctS75a9OT9EkYhKoIMb4nhtDkBINnAo2KXUSw2JCR2TAfEsliZgJ0unJE3xklR7uK21LAp6qvydSEhkzjkLbGREYmnkvE//z/AT6V0HKZZwAk3S2qJ8IDApn/+Me14yCGFtCqOb2VkyHRBMKNqUsBG/+5UXSPKl6F9Xzh7NK7SaPo4gO0CE6Rh66RDV0j+qogShS6Bm9ojcHnBfn3fmYtRacfGYf/YHz+QNDlI/y</latexit>

� = 3

<latexit sha1_base64="byTY1i5v4D1hOmpcnRCT82YLdjI=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKpj41Q1IXLCvYBTSiT6U07dDIJMxOhhP6GGxeKuPVn3Pk3TtostPXAhcM593LvPUHCmdKO822VVlbX1jfKm/bW9s7uXmX/oK3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8W3ud55AKhaLRz1JwI/IULCQUaKN5Hl3wDXB17hu2/1K1ak5M+Bl4hakigo0+5UvbxDTNAKhKSdK9Vwn0X5GpGaUw9T2UgUJoWMyhJ6hgkSg/Gx28xSfGGWAw1iaEhrP1N8TGYmUmkSB6YyIHqlFLxf/83qpDq/8jIkk1SDofFGYcqxjnAeAB0wC1XxiCKGSmVsxHRFJqDYx5SG4iy8vk/ZZzb2onT/Uq42bIo4yOkLH6BS56BI10D1qohaiKEHP6BW9Wan1Yr1bH/PWklXMHKI/sD5/AHw6kAc=</latexit>

� = 4

(d) 

(c) 

Figure 4: .

fb � ⇥ 1 ⇥ 2

10 � 2 29.74 29.48
10 � 3 22.51 21.65
10 � 4 16.65 16.43

15 � 2 27.71 27.69
15 � 3 23.52 25.86
15 � 4 18.37 15.92

20 � 2 23.03 30.17
20 � 3 20.27 18.13
20 � 4 19.22 16.92

Table 1: .

(a) Average cluster size (b) average width of cluster

Figure 5: .
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<latexit sha1_base64="SO75HkxN9qEo9W/nGWsG0QBd++E=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kknx61j04rFCv6CNZbPdtks3m7A7UUro//DiQRGv/hdv/huTNgdtfTDweG+GmXl+JIVBx/m2VlbX1jc2C1v29s7u3n7x4LBpwlgz3mChDHXbp4ZLoXgDBUrejjSngS95yx/fZn7rkWsjQlXHScS9gA6VGAhGMZUeuvURR9pLKlNi23avWHLKzgxkmbg5KUGOWq/41e2HLA64QiapMR3XidBLqEbBJJ/a3djwiLIxHfJOShUNuPGS2dVTcpoqfTIIdVoKyUz9PZHQwJhJ4KedAcWRWfQy8T+vE+Pg2kuEimLkis0XDWJJMCRZBKQvNGcoJymhTIv0VsJGVFOGaVBZCO7iy8ukWSm7l+WL+/NS9SaPowDHcAJn4MIVVOEOatAABhqe4RXerCfrxXq3PuatK1Y+cwR/YH3+AGsukSk=</latexit>

⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>

� = 4 and f = 5, 10, 15, 20(b) 

<latexit sha1_base64="AiJLF0UhLmV6tizAjH0wrCPxtT4=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U391hMqzWP5aMYJ+hEdSB5yRo2VWiG5IZ5LeuWKW3VnIMvEy0kFctR75a9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NzJ+TEKn0SxsqWNGSm/p7IaKT1OApsZ0TNUC96U/E/r5Oa8NrPuExSg5LNF4WpICYm099JnytkRowtoUxxeythQ6ooMzahkg3BW3x5mTTPqt5l9eLhvFK7zeMowhEcwyl4cAU1uIc6NIDBCJ7hFd6cxHlx3p2PeWvByWcO4Q+czx8xto4u</latexit>

f = 10

<latexit sha1_base64="Tp3XxmXPrO3HHIUNclEw1MKBfp8=">AAAB8XicbVDLSgNBEJz1GeMr6tHLYBA8hd3g6yIE9eAxgnlgsoTZSScZMju7zPQKYclfePGgiFf/xpt/4yTZgyYWNBRV3XR3BbEUBl3321laXlldW89t5De3tnd2C3v7dRMlmkONRzLSzYAZkEJBDQVKaMYaWBhIaATDm4nfeAJtRKQecBSDH7K+Ej3BGVrpsX0LEhm9ouVOoeiW3CnoIvEyUiQZqp3CV7sb8SQEhVwyY1qeG6OfMo2CSxjn24mBmPEh60PLUsVCMH46vXhMj63Spb1I21JIp+rviZSFxozCwHaGDAdm3puI/3mtBHuXfipUnCAoPlvUSyTFiE7ep12hgaMcWcK4FvZWygdMM442pLwNwZt/eZHUyyXvvHR2f1qsXGdx5MghOSInxCMXpELuSJXUCCeKPJNX8uYY58V5dz5mrUtONnNA/sD5/AEK/I/d</latexit>

� = 2
<latexit sha1_base64="CV3bWpFNWml4W8/RqZBqaLjuizI=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKez6vghBPXiMYB6wWcLsZJIMmZ1ZZnqFsOQzvHhQxKtf482/cTbZgyYWNBRV3XR3hbHgBlz32yksLa+srhXXSxubW9s75d29plGJpqxBlVC6HRLDBJesARwEa8eakSgUrBWObjO/9cS04Uo+wjhmQUQGkvc5JWAlv3PHBBB8jU9L3XLFrbpT4EXi5aSCctS75a9OT9EkYhKoIMb4nhtDkBINnAo2KXUSw2JCR2TAfEsliZgJ0unJE3xklR7uK21LAp6qvydSEhkzjkLbGREYmnkvE//z/AT6V0HKZZwAk3S2qJ8IDApn/+Me14yCGFtCqOb2VkyHRBMKNqUsBG/+5UXSPKl6F9Xzh7NK7SaPo4gO0CE6Rh66RDV0j+qogShS6Bm9ojcHnBfn3fmYtRacfGYf/YHz+QNDlI/y</latexit>

� = 3

<latexit sha1_base64="byTY1i5v4D1hOmpcnRCT82YLdjI=">AAAB83icbVDLSsNAFJ3UV42vqks3g0VwVRKpj41Q1IXLCvYBTSiT6U07dDIJMxOhhP6GGxeKuPVn3Pk3TtostPXAhcM593LvPUHCmdKO822VVlbX1jfKm/bW9s7uXmX/oK3iVFJo0ZjHshsQBZwJaGmmOXQTCSQKOHSC8W3ud55AKhaLRz1JwI/IULCQUaKN5Hl3wDXB17hu2/1K1ak5M+Bl4hakigo0+5UvbxDTNAKhKSdK9Vwn0X5GpGaUw9T2UgUJoWMyhJ6hgkSg/Gx28xSfGGWAw1iaEhrP1N8TGYmUmkSB6YyIHqlFLxf/83qpDq/8jIkk1SDofFGYcqxjnAeAB0wC1XxiCKGSmVsxHRFJqDYx5SG4iy8vk/ZZzb2onT/Uq42bIo4yOkLH6BS56BI10D1qohaiKEHP6BW9Wan1Yr1bH/PWklXMHKI/sD5/AHw6kAc=</latexit>

� = 4

(d) 

(c) 

Figure 4: .
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15 � 4 18.37 15.92
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Figure 5: .
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<latexit sha1_base64="SO75HkxN9qEo9W/nGWsG0QBd++E=">AAAB9XicbVBNS8NAEJ34WeNX1aOXxSJ4Kknx61j04rFCv6CNZbPdtks3m7A7UUro//DiQRGv/hdv/huTNgdtfTDweG+GmXl+JIVBx/m2VlbX1jc2C1v29s7u3n7x4LBpwlgz3mChDHXbp4ZLoXgDBUrejjSngS95yx/fZn7rkWsjQlXHScS9gA6VGAhGMZUeuvURR9pLKlNi23avWHLKzgxkmbg5KUGOWq/41e2HLA64QiapMR3XidBLqEbBJJ/a3djwiLIxHfJOShUNuPGS2dVTcpoqfTIIdVoKyUz9PZHQwJhJ4KedAcWRWfQy8T+vE+Pg2kuEimLkis0XDWJJMCRZBKQvNGcoJymhTIv0VsJGVFOGaVBZCO7iy8ukWSm7l+WL+/NS9SaPowDHcAJn4MIVVOEOatAABhqe4RXerCfrxXq3PuatK1Y+cwR/YH3+AGsukSk=</latexit>

⇥2
<latexit sha1_base64="POaq7Zjd2YujC8p6wX97//nIBbI=">AAAB9XicbVDJSgNBEK2JWxy3qEcvjUHwFGbE7Rj04jFCNkjG0NOpJE16Frp7lDDkP7x4UMSr/+LNv7EnmYMmPih4vFdFVT0/Flxpx/m2Ciura+sbxU17a3tnd6+0f9BUUSIZNlgkItn2qULBQ2xorgW2Y4k08AW2/PFt5rceUSoehXU9idEL6DDkA86oNtJDtz5CTXupOyW2bfdKZafizECWiZuTMuSo9Upf3X7EkgBDzQRVquM6sfZSKjVnAqd2N1EYUzamQ+wYGtIAlZfOrp6SE6P0ySCSpkJNZurviZQGSk0C33QGVI/UopeJ/3mdRA+uvZSHcaIxZPNFg0QQHZEsAtLnEpkWE0Mok9zcStiISsq0CSoLwV18eZk0zyruZeXi/rxcvcnjKMIRHMMpuHAFVbiDGjSAgYRneIU368l6sd6tj3lrwcpnDuEPrM8faaWRKA==</latexit>

⇥1

<latexit sha1_base64="xJJTwL0RkeC/NM1vLXYGjbe1ggc="></latexit>

� = 2 and f = 5, 10, 15, 20(a) 

<latexit sha1_base64="L85Ea9HXunT9UdEqe7/ydWOCGFg=">AAACJXicbVDLSgMxFM34rPU16tJNsAguSpkprUpRKOrCZQX7gM5QMmmmDc1khiQjlKE/48ZfcePCIoIrf8VMOwttPSGXwzn3ktzjRYxKZVlfxsrq2vrGZm4rv72zu7dvHhy2ZBgLTJo4ZKHoeEgSRjlpKqoY6USCoMBjpO2NblO//USEpCF/VOOIuAEacOpTjJSWeuaVc0eYQvAaVqBTS0/iBEgNRZAg3p9MMtHXDdWiU7OtolbsalrLVs8sWCVrBrhM7IwUQIZGz5w6/RDHAeEKMyRl17Yi5SZIKIoZmeSdWJII4REakK6mHAVEuslsywk81Uof+qHQlys4U39PJCiQchx4ujPdQC56qfif142Vf+kmlEexIhzPH/JjBlUI08hgnwqCFRtrgrCg+q8QD5FAWOlg8zoEe3HlZdIql+zzUvWhUqjfZHHkwDE4AWfABhegDu5BAzQBBs/gFbyDqfFivBkfxue8dcXIZo7AHxjfPwdCoJc=</latexit>
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fb � ⇥ 1 ⇥ 2

10 � 2 29.74 29.48
10 � 3 22.51 21.65
10 � 4 16.65 16.43

15 � 2 27.71 27.69
15 � 3 23.52 25.86
15 � 4 18.37 15.92

20 � 2 23.03 30.17
20 � 3 20.27 18.13
20 � 4 19.22 16.92

Table 1: .

(a) Average cluster size (b) average width of cluster

Figure 5: .
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f = 10, � = 2, 3, 4

Figure A1: Scaled bond length between successive colloid beads as a function of the bond index (number). Parameters used in
the simulation are indicated in the figure.

elastic moments are related to the local curvature via the bending stiffness κ, M = κθ ′(t×n), and the normal
forces satisfy to leading order N = −

(
κλ−1

)
θ ′′. Scaling forces by κ/ℓ2 and lengths by ℓ, we combine these

relationships and obtain expressions for the contact forces required for maintain a static shape in the interior of
the cluster,

f c
N =

(
λ
−1

θ
′′′−λ

′
λ
−2

θ
′′)−T θ

′ (5)

f c
T = −T ′− θ

′′
λ
−1

θ
′+β . (6)

Here, T and N are scaled (coarse-grained) internal force components, and f c
T and f c

T are scaled (coarse-grained)
contact force densities. We note that contact forces may be discontinuous and attain values as required to keep
the interior filaments stationary. The maximum value of contact forces increases for a larger number of filaments
within a cluster, that is, for thicker clusters.

For an inextensible filament, equations (5) and (6) can be simplified using λ (s) = 1 and λ ′(s) = 0. This
choice is motivated by our simulation results that demonstrate that filament extensional strains are small to
negligible (see Figure A1).
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B ESM Movie descriptions

• ESM Movie 1: The formation of kinetically arrested thick clusters of tightly packed active filaments at
moderate activity (β = 44.49) and the inter-filament spacing ∆ = 2.

• ESM Movie 2: The formation of kinetically arrested clusters of active filaments at large spacing, ∆ = 2
and at moderate activity (β = 44.49).

• ESM Movie 3: The formation of kinetically arrested clusters of active filaments at large spacing, ∆ = 4
and when the activity is approximately equal to the critical value for individual filaments to be neutrally
stable. (β = 29.96).

• ESM Movie 3: Spatiotemporal evolution of the active torque calculated as described in the main text. The
active force density is f = 20 (β = 59.32) and the inter-filament spacing ∆ = 2.

• ESM Movie 4: Spatiotemporal evolution of the elastic bending moment calculated as described in the
main text. The active force density is f = 20 (β = 59.32) and the inter-filament spacing ∆ = 2.

• ESM Movie 5: Spatiotemporal evolution of the contact torque due to the interaction between filaments
within arrested clusters and contact interactions between the cluster and inter-cluster filaments. The
active force density is f = 20 (β = 59.32) and the inter-filament spacing ∆ = 2.
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