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Problem Description
Problem:  Given a plant model and an LTL specification    , design a controller to 
ensure that any execution of the system satisfies 

- The evolution of the system is described by differential/difference equations

where
-     must be satisfied regardless of the environment in which the system 

operates
- Assume that     is of the form
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Key elements to specify the problem
• discrete system state

• continuous system state

• (discrete) environment state

• specification

Hierarchical Approach
• Discrete planner computes the next cell to go to in order to satisfy 

- The synthesis algorithm considers all the possible behaviors of the environment

- Issue: state explosion

• Continuous controller simulates the plan
- Constrained optimal control problem

- Continuous execution preserves the correctness of the plan

Discrete
planner

Continuous
controller

Plant

�

noise

Local
control

u

sd
�u

env

�

Embedded Control Software Synthesis

3



Richard M. Murray, Caltech CDSEECI-IGSC, 9-13 Mar 2020

Main Steps

• Generate a proposition preserving partition of the continuous state space 
- cont_partition = tlp.abstract.prop2part(cont_state_space, cont_props) 

• Discretize the continuous state space based on the evolution of the continuous state 
- disc_dynamics = tlp.abstract.discretize(cont_partition, sys_dyn, N=8, …) 

• Digital design synthesis 
- specs = tlp.spec.GRSpec(env_vars, sys_vars, env_init, sys_init, env_safe, …) 
- ctrl = tlp.synth.synthesize(specs, sys=disc_dynamics.ts, ignore_sys_init=True) 

• Simulate (not yet implemented; code manually for now) 
- tlp.abstract.simulate(sys, ctrl)
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Desired Properties
- Visit the blue cell infinitely often

- Eventually go to the red cell when a PARK 
signal is received

Assumption
- Infinitely often, PARK signal is not received

This spec is not a GR[1] formula
- Introduce an auxiliary variable X0reach that starts with True

-  
-  

Example #1: robot_simple_discrete.py

⇤⌃X0reach
5

' = �3(¬park) �⇥ (�3(s ⇥ C5) ⇤�(park �⇥ 3(s ⇥ C0)))

⇤(�X0reach = (s 2 C0 _ (X0reach ^ ¬park)))

System Model: Robot can move to the cells that share a face with the current cell



Dynamics

Desired Properties
- Visit the blue cell infinitely often
- Eventually go to the red cell when a 

PARK signal is received

Assumption
- Infinitely often, PARK signal is not 

received

This spec is not a GR[1] formula
- Introduce an auxiliary variable X0reach that starts with True

-  
-  

Example #2: robot_simple_continuous.py

' = ⇤⌃(¬park) =) (⇤⌃(s 2 C5) ^
⇤(park =) ⌃(s 2 C0)))

⇤⌃X0reach

⇤(�X0reach = ((s 2 C0 _X0reach) ^ ¬park))
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ẋ = ux, ẏ = uy where ux, uy 2 [�1, 1]



Computer Exercise 1
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Desired Properties 
•Visit the blue cell (C8) infinitely often 
•Eventually go to the green cell (C0) 
after a PARK signal is received 

•Avoid an obstacle (red cell) which can 
be one of the C1, C4, C7 cells and can 
move arbitrarily

C0 C1 C2

C3 C4 C5

C6 C7 C8
Synthesize a reactive planner with the following specifications

[](obs=0 → next(obs)=1) ∧ 
[](obs=1 → (next(obs)=0 ∨ next(obs)=2))∧ 
[](obs=2 → next(obs)=1)

Constraints (or discrete dynamics) 
•The robot can only move to an adjacent 
cell, i.e., a cell that shares an edge with 
the current cell

Assumption 
•Infinitely often, PARK signal is not 
received 

•The obstacle always moves to an 
adjacent cell

[](obs=0 → !X1)∧ [](obs=1 → !X4)∧ 
[](obs=2 → !X7)

[]<>X8

[](park → next(<>X0))

[]<>!park

System variables: X0,...,X8 -- Xi = 1 if robot in Ci, Xi = 0 otherwise. 
Environment variables: obs ∈ {1,4,7}, park ∈ {0,1}

X0reach ∧  
[]<>X0reach ∧ 
[](next(X0reach)=((X0∨X0reach)∧ !park))



Synthesize intersection logic for the car with the                                                   
following specification: 

Desired Properties 
- Vehicle a should eventually go to C9 
- Vehicle a does not collide with vehicle h 
- Vehicle h is not in the intersection when the light is red 

Assumptions 
- find a set of “non-trivial” assumptions that  

render the problem realizable 
- allow  human vehicle to start in any location 

Constraints 
- Vehicles can only move to cells representing  

their possible travel lanes

Computer Exercise 2

8

c6

<latexit sha1_base64="RndEc0zCZs2Rqz2jU8qHW028bek=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbioqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6r+jek=</latexit>

c9

<latexit sha1_base64="IdEbJpZbmAq9GsQdsqt50xk1SDo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbCn6cCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lVMripDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810XWQMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3mNWuOhXmne5nEU4QzO4RI8uIIm3EMLfCDA4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gCvjY3s</latexit>

c0

<latexit sha1_base64="ffti427A7bcqunaSWyNRIeKRtUE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlvtlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKHgjeM=</latexit>

c1

<latexit sha1_base64="/BbwT+a9i+3Pht/Osuym/xaHPZg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlftlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKNljeQ=</latexit>

c2

<latexit sha1_base64="zQ/4ZNx2qzw33lfMngt4rGZ0dg4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeM+i2WsOyE1XArFfRQoeSfRnEah5I/h5HbuPz5xbUSsHnCa8CCiIyWGglG0kl9l/Xq1X664NXcBsk68nFQgR6tf/uoNYpZGXCGT1Jiu5yYYZFSjYJLPSr3U8ISyCR3xrqWKRtwE2eLYGbmwyoAMY21LIVmovycyGhkzjULbGVEcm1VvLv7ndVMcXgeZUEmKXLHlomEqCcZk/jkZCM0ZyqkllGlhbyVsTDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8AaTqjeU=</latexit>

c3

<latexit sha1_base64="BpqgjRkeHv+iQY7dUeBsX6dD1YU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbC4qnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6ZvjeY=</latexit>

c4

<latexit sha1_base64="NJID1FhHMYlMECtp0uZ89P4G2Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yfqPaL1fcmrsAWSdeTiqQo9Uvf/UGCctirpBJakzXc1MMplSjYJLPSr3M8JSyMR3yrqWKxtwE08WxM3JhlQGJEm1LIVmovyemNDZmEoe2M6Y4MqveXPzP62YYXQdTodIMuWLLRVEmCSZk/jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Aaf0jec=</latexit>

c5

<latexit sha1_base64="Ow3Ji/PtiunWvbLpqQ/aFvsEDEk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKoqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6l5jeg=</latexit>

c7

<latexit sha1_base64="Xb6yToi0sfv85wfRNZYGE0QXAJE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9kthYqnghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTE974GZdJapikq0VhKrCJ8eJzPOKKUSNmlhCquL0V0wlRhBqbT8mG4K6/vEk69ZrbqDUe6pXWbR5HES7gEq7BhSa04B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH6yDjeo=</latexit>

c8

<latexit sha1_base64="VxGTxdA+fEaOHnV46G5RyxF/GFU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9ktBYunghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTEzb9jMskNUzS1aIwFdjEePE5HnHFqBEzSwhV3N6K6YQoQo3Np2RDcNdf3iSdes1t1BoP9UrrNo+jCBdwCdfgwg204B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH64Ijes=</latexit>

Mh

<latexit sha1_base64="gAgBOx3zo5qROdOsLtobSDlTZmw="></latexit>

Ml

<latexit sha1_base64="zIR7WXn0Kv/dBg2/3SytY7Ovmwg=">AAACG3icbZBLS8NAFIUn9VXjo1GXboKt4KKUpBQtrooudCNUsQ9oa5lMbtqhkwczE6GE/BJxp7/Enbh14Q9x7/Sx0NYDA4dz72UOnxMxKqRlfWmZldW19Y3spr61vbObM/b2myKMOYEGCVnI2w4WwGgADUklg3bEAfsOg5YzupzMW4/ABQ2DezmOoOfjQUA9SrBUUd/IFbo+lkOCWXKTPrBC38hbJWsqc9nYc5NHc9X7xnfXDUnsQyAJw0J0bCuSvQRzSQmDVO/GAiJMRngAHWUD7IPoJdPiqXmsEtf0Qq5eIM1p+vsiwb4QY99Rm5OWYnE2Cf+bdWLpVXsJDaJYQkBmH3kxM2VoTiiYLuVAJBsrgwmnqqtJhphjIhUrveuCp3hO6yQuCJImd1cXaWJX7WL5tGiluq442YtUlk2zXLIrpcptOV87nxPLokN0hE6Qjc5QDV2jOmoggmL0hF7Qq/asvWnv2sdsNaPNbw7QH2mfPwEwn4M=</latexit>

Ma

<latexit sha1_base64="D26vLZoWm0REogLHq6GRiCUPKAE=">AAACG3icbZBLS8NAFIUn9VXjo1GXboKt4KKUpBQtrooudCNUsQ9oa5lMbtqhkwczE6GE/BJxp7/Enbh14Q9x7/Sx0NYDA4dz72UOnxMxKqRlfWmZldW19Y3spr61vbObM/b2myKMOYEGCVnI2w4WwGgADUklg3bEAfsOg5YzupzMW4/ABQ2DezmOoOfjQUA9SrBUUd/IFbo+lkOCWXKTPuBC38hbJWsqc9nYc5NHc9X7xnfXDUnsQyAJw0J0bCuSvQRzSQmDVO/GAiJMRngAHWUD7IPoJdPiqXmsEtf0Qq5eIM1p+vsiwb4QY99Rm5OWYnE2Cf+bdWLpVXsJDaJYQkBmH3kxM2VoTiiYLuVAJBsrgwmnqqtJhphjIhUrveuCp3hO6yQuCJImd1cXaWJX7WL5tGiluq442YtUlk2zXLIrpcptOV87nxPLokN0hE6Qjc5QDV2jOmoggmL0hF7Qq/asvWnv2sdsNaPNbw7QH2mfP+7pn3g=</latexit>
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Validation Possibilities
Add continuous-time dynamics to intersection problem 

Synthesize decision-making logic for road network 

Automated valet parking

9

c6

<latexit sha1_base64="RndEc0zCZs2Rqz2jU8qHW028bek=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbioqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6r+jek=</latexit>

c9

<latexit sha1_base64="IdEbJpZbmAq9GsQdsqt50xk1SDo=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbCn6cCl48VnDbQruUbJptQ5PskmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvHqSLUJzGPVTfEmnImqW+Y4bSbKIpFyGknnNzN/c4TVZrF8tFMExoIPJIsYgQbK/lVMripDsoVt+YugNaJl5MK5GgNyl/9YUxSQaUhHGvd89zEBBlWhhFOZ6V+qmmCyQSPaM9SiQXVQbY4doYurDJEUaxsSYMW6u+JDAutpyK0nQKbsV715uJ/Xi810XWQMZmkhkqyXBSlHJkYzT9HQ6YoMXxqCSaK2VsRGWOFibH5lGwI3urL66Rdr3mNWuOhXmne5nEU4QzO4RI8uIIm3EMLfCDA4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gCvjY3s</latexit>

c0

<latexit sha1_base64="ffti427A7bcqunaSWyNRIeKRtUE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlvtlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKHgjeM=</latexit>

c1

<latexit sha1_base64="/BbwT+a9i+3Pht/Osuym/xaHPZg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yvlftlytuzV2ArBMvJxXI0eqXv3qDhGUxV8gkNabruSkGU6pRMMlnpV5meErZmA5511JFY26C6eLYGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7ndTOMroOpUGmGXLHloiiTBBMy/5wMhOYM5cQSyrSwtxI2opoytPmUbAje6svrpF2veY1a475ead7kcRThDM7hEjy4gibcQQt8YCDgGV7hzVHOi/PufCxbC04+cwp/4Hz+AKNljeQ=</latexit>

c2

<latexit sha1_base64="zQ/4ZNx2qzw33lfMngt4rGZ0dg4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2iZONeM+i2WsOyE1XArFfRQoeSfRnEah5I/h5HbuPz5xbUSsHnCa8CCiIyWGglG0kl9l/Xq1X664NXcBsk68nFQgR6tf/uoNYpZGXCGT1Jiu5yYYZFSjYJLPSr3U8ISyCR3xrqWKRtwE2eLYGbmwyoAMY21LIVmovycyGhkzjULbGVEcm1VvLv7ndVMcXgeZUEmKXLHlomEqCcZk/jkZCM0ZyqkllGlhbyVsTDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8AaTqjeU=</latexit>

c3

<latexit sha1_base64="BpqgjRkeHv+iQY7dUeBsX6dD1YU=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbC4qnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6ZvjeY=</latexit>

c4

<latexit sha1_base64="NJID1FhHMYlMECtp0uZ89P4G2Zo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUguKp4MVjBVMLbSib7aZdutmE3YlQSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6ewsbm1vVPcLe3tHxwelY9P2ibJNOM+S2SiOyE1XArFfRQoeSfVnMah5I/h+HbuPz5xbUSiHnCS8iCmQyUiwShaya+yfqPaL1fcmrsAWSdeTiqQo9Uvf/UGCctirpBJakzXc1MMplSjYJLPSr3M8JSyMR3yrqWKxtwE08WxM3JhlQGJEm1LIVmovyemNDZmEoe2M6Y4MqveXPzP62YYXQdTodIMuWLLRVEmCSZk/jkZCM0ZyokllGlhbyVsRDVlaPMp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4wEDAM7zCm6OcF+fd+Vi2Fpx85hT+wPn8Aaf0jec=</latexit>

c5

<latexit sha1_base64="Ow3Ji/PtiunWvbLpqQ/aFvsEDEk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CbaCp7JbKoqnghePFdy20C4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjuFjc2t7Z3ibmlv/+DwqHx80tZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ3dzv/NElWaxfDTThAYCjySLGMHGSn6VDK6qg3LFrbkLoHXi5aQCOVqD8ld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaELqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16j1nioV5q3eRxFOINzuAQPrqEJ99ACHwgweIZXeHOk8+K8Ox/L1oKTz5zCHzifP6l5jeg=</latexit>

c7

<latexit sha1_base64="Xb6yToi0sfv85wfRNZYGE0QXAJE=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9kthYqnghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTE974GZdJapikq0VhKrCJ8eJzPOKKUSNmlhCquL0V0wlRhBqbT8mG4K6/vEk69ZrbqDUe6pXWbR5HES7gEq7BhSa04B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH6yDjeo=</latexit>

c8

<latexit sha1_base64="VxGTxdA+fEaOHnV46G5RyxF/GFU=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BFvBU9ktBYunghePFdy20C4lm2bb0Gx2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvCARXBvH+UaFre2d3b3ifung8Oj4pHx61tFxqijzaCxi1QuIZoJL5hluBOslipEoEKwbTO8WfveJKc1j+WhmCfMjMpY85JQYK3lVOmxWh+WKU3OWwJvEzUkFcrSH5a/BKKZpxKShgmjdd53E+BlRhlPB5qVBqllC6JSMWd9SSSKm/Wx57BxfWWWEw1jZkgYv1d8TGYm0nkWB7YyImeh1byH+5/VTEzb9jMskNUzS1aIwFdjEePE5HnHFqBEzSwhV3N6K6YQoQo3Np2RDcNdf3iSdes1t1BoP9UrrNo+jCBdwCdfgwg204B7a4AEFDs/wCm9Iohf0jj5WrQWUz5zDH6DPH64Ijes=</latexit>

Mh

<latexit sha1_base64="gAgBOx3zo5qROdOsLtobSDlTZmw="></latexit>

Ml

<latexit sha1_base64="zIR7WXn0Kv/dBg2/3SytY7Ovmwg=">AAACG3icbZBLS8NAFIUn9VXjo1GXboKt4KKUpBQtrooudCNUsQ9oa5lMbtqhkwczE6GE/BJxp7/Enbh14Q9x7/Sx0NYDA4dz72UOnxMxKqRlfWmZldW19Y3spr61vbObM/b2myKMOYEGCVnI2w4WwGgADUklg3bEAfsOg5YzupzMW4/ABQ2DezmOoOfjQUA9SrBUUd/IFbo+lkOCWXKTPrBC38hbJWsqc9nYc5NHc9X7xnfXDUnsQyAJw0J0bCuSvQRzSQmDVO/GAiJMRngAHWUD7IPoJdPiqXmsEtf0Qq5eIM1p+vsiwb4QY99Rm5OWYnE2Cf+bdWLpVXsJDaJYQkBmH3kxM2VoTiiYLuVAJBsrgwmnqqtJhphjIhUrveuCp3hO6yQuCJImd1cXaWJX7WL5tGiluq442YtUlk2zXLIrpcptOV87nxPLokN0hE6Qjc5QDV2jOmoggmL0hF7Qq/asvWnv2sdsNaPNbw7QH2mfPwEwn4M=</latexit>

Ma

<latexit sha1_base64="D26vLZoWm0REogLHq6GRiCUPKAE=">AAACG3icbZBLS8NAFIUn9VXjo1GXboKt4KKUpBQtrooudCNUsQ9oa5lMbtqhkwczE6GE/BJxp7/Enbh14Q9x7/Sx0NYDA4dz72UOnxMxKqRlfWmZldW19Y3spr61vbObM/b2myKMOYEGCVnI2w4WwGgADUklg3bEAfsOg5YzupzMW4/ABQ2DezmOoOfjQUA9SrBUUd/IFbo+lkOCWXKTPuBC38hbJWsqc9nYc5NHc9X7xnfXDUnsQyAJw0J0bCuSvQRzSQmDVO/GAiJMRngAHWUD7IPoJdPiqXmsEtf0Qq5eIM1p+vsiwb4QY99Rm5OWYnE2Cf+bdWLpVXsJDaJYQkBmH3kxM2VoTiiYLuVAJBsrgwmnqqtJhphjIhUrveuCp3hO6yQuCJImd1cXaWJX7WL5tGiluq442YtUlk2zXLIrpcptOV87nxPLokN0hE6Qjc5QDV2jOmoggmL0hF7Qq/asvWnv2sdsNaPNbw7QH2mfP+7pn3g=</latexit>


