
Chapter 11 
Low-degree 

clock distribution networks

Matthias Fuegger and Christoph Lenzen
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Quick summary...
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Flip-flop = edge triggered copy

stable Qstable Q stable Q

XXXXXXXX            XXXXXXXXXXXXXXXXXXXX             XXXXXXXXXXXXXXX



Flip-flop = edge triggered copy

    -- FF 
    FF: process (clk, D) 
    begin 
        if (clk'event and clk = '1') then 
            Q <= D; 
        end if; 
    end process FF; 



Timing: constraints

stable Qstable Q stable Q

XXXXXXXX            XXXXXXXXXXXXXXXXXXXX             XXXXXXXXXXXXXXX

<latexit sha1_base64="rjG667fnNyMYTmdl8ZUUYZoEfM4=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48R8oIkhtlJbzJkdnaZ6VXDkv/w4kERr/6LN//GSbIHTSxoKKq66e7yYykMuu63k1tZXVvfyG8WtrZ3dveK+wcNEyWaQ51HMtItnxmQQkEdBUpoxRpY6Eto+qObqd98AG1EpGo4jqEbsoESgeAMrXRf63UQnjA1gEk86RVLbtmdgS4TLyMlkqHaK351+hFPQlDIJTOm7bkxdlOmUXAJk0InMRAzPmIDaFuqWAimm86untATq/RpEGlbCulM/T2RstCYcejbzpDh0Cx6U/E/r51gcNVNhYoTBMXni4JEUozoNALaFxo4yrEljGthb6V8yDTjaIMq2BC8xZeXSeOs7F2U3bvzUuU6iyNPjsgxOSUeuSQVckuqpE440eSZvJI359F5cd6dj3lrzslmDskfOJ8/SwyTBw==</latexit>

Tsetup
<latexit sha1_base64="kDobeQsrmk4GqEVrqiYWG8EWE60=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoseiF48V+gXtUrLZbBuaTdZktliW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvSAQ34LrfTmFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0N/PbY6YNV7IBk4T5MRlIHnFKwEp+o98D9gTZUIlw2i9X3Ko7B14lXk4qKEe9X/7qhYqmMZNABTGm67kJ+BnRwKlg01IvNSwhdEQGrGupJDEzfjY/eorPrBLiSGlbEvBc/T2RkdiYSRzYzpjA0Cx7M/E/r5tCdONnXCYpMEkXi6JUYFB4lgAOuWYUxMQSQjW3t2I6JJpQsDmVbAje8surpHVR9a6q7sNlpXabx1FEJ+gUnSMPXaMaukd11EQUPaJn9IrenLHz4rw7H4vWgpPPHKM/cD5/AE8qknM=</latexit>

Thold



Timing: guarantees

stable Qstable Q stable Q

XXXXXXXX            XXXXXXXXXXXXXXXXXXXX             XXXXXXXXXXXXXXX

<latexit sha1_base64="rjG667fnNyMYTmdl8ZUUYZoEfM4=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48R8oIkhtlJbzJkdnaZ6VXDkv/w4kERr/6LN//GSbIHTSxoKKq66e7yYykMuu63k1tZXVvfyG8WtrZ3dveK+wcNEyWaQ51HMtItnxmQQkEdBUpoxRpY6Eto+qObqd98AG1EpGo4jqEbsoESgeAMrXRf63UQnjA1gEk86RVLbtmdgS4TLyMlkqHaK351+hFPQlDIJTOm7bkxdlOmUXAJk0InMRAzPmIDaFuqWAimm86untATq/RpEGlbCulM/T2RstCYcejbzpDh0Cx6U/E/r51gcNVNhYoTBMXni4JEUozoNALaFxo4yrEljGthb6V8yDTjaIMq2BC8xZeXSeOs7F2U3bvzUuU6iyNPjsgxOSUeuSQVckuqpE440eSZvJI359F5cd6dj3lrzslmDskfOJ8/SwyTBw==</latexit>

Tsetup
<latexit sha1_base64="kDobeQsrmk4GqEVrqiYWG8EWE60=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoseiF48V+gXtUrLZbBuaTdZktliW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvSAQ34LrfTmFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0N/PbY6YNV7IBk4T5MRlIHnFKwEp+o98D9gTZUIlw2i9X3Ko7B14lXk4qKEe9X/7qhYqmMZNABTGm67kJ+BnRwKlg01IvNSwhdEQGrGupJDEzfjY/eorPrBLiSGlbEvBc/T2RkdiYSRzYzpjA0Cx7M/E/r5tCdONnXCYpMEkXi6JUYFB4lgAOuWYUxMQSQjW3t2I6JJpQsDmVbAje8surpHVR9a6q7sNlpXabx1FEJ+gUnSMPXaMaukd11EQUPaJn9IrenLHz4rw7H4vWgpPPHKM/cD5/AE8qknM=</latexit>

Thold

clk2Q delay
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Clocked Design

stable t(A)stable A

stable t(A) stable t(t(A))

stable t(t(A))



stable t(A)stable A

stable t(A) stable t(t(A))

stable t(t(A))
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

3

5

<latexit sha1_base64="PRDOwJceTRKDQgKApPEIbLiKxt4=">AAAB/XicbVDJSgNBEO2JW4zbuNy8DAYhgoQZNegx4MVjBLNAMoaeTiVp0rPQXaPGIfgrXjwo4tX/8Obf2EnmoIkPCh7vVVFVz4sEV2jb30ZmYXFpeSW7mltb39jcMrd3aiqMJYMqC0UoGx5VIHgAVeQooBFJoL4noO4NLsd+/Q6k4mFwg8MIXJ/2At7ljKKW2uYe3g7aLYQHTNQA7keF0vHpUdvM20V7AmueOCnJkxSVtvnV6oQs9iFAJqhSTceO0E2oRM4EjHKtWEFE2YD2oKlpQH1QbjK5fmQdaqVjdUOpK0Brov6eSKiv1ND3dKdPsa9mvbH4n9eMsXvhJjyIYoSATRd1Y2FhaI2jsDpcAkMx1IQyyfWtFutTSRnqwHI6BGf25XlSOyk6paJ9fZYvl9M4smSfHJACccg5KZMrUiFVwsgjeSav5M14Ml6Md+Nj2pox0pld8gfG5w/RepTJ</latexit>

tkskew(5, 3)

<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k
<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k



stable t(t(A))

stable t(t(A))

launch clk path

0

1 2

3 4 5 6

1 2
capture 
clk path

capture reglaunch reg

combinational path

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

5

0

<latexit sha1_base64="uAcMd7ZGB0HYkQY0cfQo/mmwyjk=">AAAB+nicbVBNS8NAEN34WetXqkcvi0Wol5KIRY8FLx4r2A9oY9hsN+3SzSbsTtQS+1O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IBFcg+N8Wyura+sbm4Wt4vbO7t6+XTpo6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5GV1O/fc+U5rG8hXHCvIgMJA85JWAk3y7B3cjvAXuEjEs9qdROfbvsVJ0Z8DJxc1JGORq+/dXrxzSNmAQqiNZd10nAy4gCTgWbFHupZgmhIzJgXUMliZj2stnpE3xilD4OY2VKAp6pvycyEmk9jgLTGREY6kVvKv7ndVMILz3zU5ICk3S+KEwFhhhPc8B9rhgFMTaEUMXNrZgOiSIUTFpFE4K7+PIyaZ1V3VrVuTkv1+t5HAV0hI5RBbnoAtXRNWqgJqLoAT2jV/RmPVkv1rv1MW9dsfKZQ/QH1ucPEtGT3A==</latexit>

tkins(5)

<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k
<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc



launch clk path

0

1 2

3 4 5 6

1 2
capture 
clk path

capture reglaunch reg

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)
(includes clk2Q)

3

5

<latexit sha1_base64="rjG667fnNyMYTmdl8ZUUYZoEfM4=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKosegF48R8oIkhtlJbzJkdnaZ6VXDkv/w4kERr/6LN//GSbIHTSxoKKq66e7yYykMuu63k1tZXVvfyG8WtrZ3dveK+wcNEyWaQ51HMtItnxmQQkEdBUpoxRpY6Eto+qObqd98AG1EpGo4jqEbsoESgeAMrXRf63UQnjA1gEk86RVLbtmdgS4TLyMlkqHaK351+hFPQlDIJTOm7bkxdlOmUXAJk0InMRAzPmIDaFuqWAimm86untATq/RpEGlbCulM/T2RstCYcejbzpDh0Cx6U/E/r51gcNVNhYoTBMXni4JEUozoNALaFxo4yrEljGthb6V8yDTjaIMq2BC8xZeXSeOs7F2U3bvzUuU6iyNPjsgxOSUeuSQVckuqpE440eSZvJI359F5cd6dj3lrzslmDskfOJ8/SwyTBw==</latexit>

Tsetup

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

The setup constraint

<latexit sha1_base64="/vnjB5fmqCHKPQR0kk4/CcmHomk=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8UgRJSwqwY9Brx4jGAekKxhdtKJw84+mOlVwxIv/ooXD4p49S+8+TdOkj1oYkFDUdVNd5cbCa7Qsr6NzNz8wuJSdjm3srq2vpHf3KqrMJYMaiwUoWy6VIHgAdSQo4BmJIH6roCG612M/MYdSMXD4BoHETg+7Qe8xxlFLXXyO3iTeIf2sNNGeMBEeXA/LJ4clQ86+YJVssYwZ4mdkgJJUe3kv9rdkMU+BMgEVaplWxE6CZXImYBhrh0riCjzaB9amgbUB+Uk4w+G5r5WumYvlLoCNMfq74mE+koNfFd3+hRv1bQ3Ev/zWjH2zp2EB1GMELDJol4sTAzNURxml0tgKAaaUCa5vtVkt1RShjq0nA7Bnn55ltSPS3a5ZF2dFiqVNI4s2SV7pEhsckYq5JJUSY0w8kieySt5M56MF+Pd+Ji0Zox0Zpv8gfH5A4czlkU=</latexit>

tk+1
skew(3, 5)

<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)
(includes clk2Q)

3

5

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

The setup constraint

<latexit sha1_base64="/vnjB5fmqCHKPQR0kk4/CcmHomk=">AAACAXicbVDLSgNBEJyNrxhfUS+Cl8UgRJSwqwY9Brx4jGAekKxhdtKJw84+mOlVwxIv/ooXD4p49S+8+TdOkj1oYkFDUdVNd5cbCa7Qsr6NzNz8wuJSdjm3srq2vpHf3KqrMJYMaiwUoWy6VIHgAdSQo4BmJIH6roCG612M/MYdSMXD4BoHETg+7Qe8xxlFLXXyO3iTeIf2sNNGeMBEeXA/LJ4clQ86+YJVssYwZ4mdkgJJUe3kv9rdkMU+BMgEVaplWxE6CZXImYBhrh0riCjzaB9amgbUB+Uk4w+G5r5WumYvlLoCNMfq74mE+koNfFd3+hRv1bQ3Ev/zWjH2zp2EB1GMELDJol4sTAzNURxml0tgKAaaUCa5vtVkt1RShjq0nA7Bnn55ltSPS3a5ZF2dFiqVNI4s2SV7pEhsckYq5JJUSY0w8kieySt5M56MF+Pd+Ji0Zox0Zpv8gfH5A4czlkU=</latexit>

tk+1
skew(3, 5)

<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k

large pos. skew is bad
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)
(includes clk2Q)

3

5

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

The hold constraint

<latexit sha1_base64="Y5+E9rXSyBpxqgRbNtl0XeZtAr0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tarbvK7U63kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB0z2M8Q==</latexit>

k

<latexit sha1_base64="kDobeQsrmk4GqEVrqiYWG8EWE60=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqeyKoseiF48V+gXtUrLZbBuaTdZktliW/g4vHhTx6o/x5r8xbfegrQ8GHu/NMDMvSAQ34LrfTmFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdgBgmuGRN4CBYJ9GMxIFg7WB0N/PbY6YNV7IBk4T5MRlIHnFKwEp+o98D9gTZUIlw2i9X3Ko7B14lXk4qKEe9X/7qhYqmMZNABTGm67kJ+BnRwKlg01IvNSwhdEQGrGupJDEzfjY/eorPrBLiSGlbEvBc/T2RkdiYSRzYzpjA0Cx7M/E/r5tCdONnXCYpMEkXi6JUYFB4lgAOuWYUxMQSQjW3t2I6JJpQsDmVbAje8surpHVR9a6q7sNlpXabx1FEJ+gUnSMPXaMaukd11EQUPaJn9IrenLHz4rw7H4vWgpPPHKM/cD5/AE8qknM=</latexit>

Thold

<latexit sha1_base64="8Z7s/Hcj+0Pm10PmOZDkGhV8U7k=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tBiCBhVw16DHjxGME8IIlhdtJJhsw+mOlVw7oHf8WLB0W8+hve/BsnyR40saChqOqmu8sNBVdo299GZmFxaXklu5pbW9/Y3DK3d2oqiCSDKgtEIBsuVSC4D1XkKKARSqCeK6DuDi/Hfv0OpOKBf4OjENoe7fu8xxlFLXXMPbyNh0mnhfCAsRrCfVI4PS4ddcy8XbQnsOaJk5I8SVHpmF+tbsAiD3xkgirVdOwQ2zGVyJmAJNeKFISUDWkfmpr61APVjif3J9ahVrpWL5C6fLQm6u+JmHpKjTxXd3oUB2rWG4v/ec0IexftmPthhOCz6aJeJCwMrHEYVpdLYChGmlAmub7VYgMqKUMdWU6H4My+PE9qJ0WnVLSvz/LlchpHluyTA1IgDjknZXJFKqRKGHkkz+SVvBlPxovxbnxMWzNGOrNL/sD4/AGnRZXV</latexit>

tkskew(3, 5)
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<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

<latexit sha1_base64="p/k6adtzjU209XNKQDHDIOtMq5s=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBEqSEmqRZcFNy4r2Ae0IUwmk3bo5MHMjVpiP8WNC0Xc+iXu/BunbRbaeuDC4Zx7ufceLxFcgWV9Gyura+sbm4Wt4vbO7t6+WTpoqziVlLVoLGLZ9YhigkesBRwE6yaSkdATrOONrqd+555JxePoDsYJc0IyiHjAKQEtuWbJd/vAHiGTNTmpnJ/VT12zbFWtGfAysXNSRjmarvnV92OahiwCKohSPdtKwMmIBE4FmxT7qWIJoSMyYD1NIxIy5WSz0yf4RCs+DmKpKwI8U39PZCRUahx6ujMkMFSL3lT8z+ulEFw5GY+SFFhE54uCVGCI8TQH7HPJKIixJoRKrm/FdEgkoaDTKuoQ7MWXl0m7VrXrVev2otxo5HEU0BE6RhVko0vUQDeoiVqIogf0jF7Rm/FkvBjvxse8dcXIZw7RHxifPwgRky4=</latexit>

dr2r(3, 5)
(includes clk2Q)

3

5

<latexit sha1_base64="EyxGgVBiMj29/OOPxL3PNdBXfts=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4Kokoeix48VihX9CEstlu26WbTdidiCH0b3jxoIhX/4w3/43bNgdtfTDweG+GmXlhIoVB1/121tY3Nre2Szvl3b39g8PK0XHbxKlmvMViGetuSA2XQvEWCpS8m2hOo1DyTji5m/mdR66NiFUTs4QHER0pMRSMopX8Zt9H/oQ5y9i0X6m6NXcOskq8glShQKNf+fIHMUsjrpBJakzPcxMMcqpRMMmnZT81PKFsQke8Z6miETdBPr95Ss6tMiDDWNtSSObq74mcRsZkUWg7I4pjs+zNxP+8XorD2yAXKkmRK7ZYNEwlwZjMAiADoTlDmVlCmRb2VsLGVFOGNqayDcFbfnmVtC9r3nXNfbiq1utFHCU4hTO4AA9uoA730IAWMEjgGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A4btkf8=</latexit>

Tcyc

The hold constraint

large neg. skew is bad
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But ...
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Guarantee skew among some clock outputs despite 
faults

New requirements
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Pulse Synchronization
In pulse synchronization, for each           , every 
(correct) node              generates pulse i exactly 
once.

Let        denote the time when v generates the i-th 
pulse. We require that there are                                      
satisfying 

1. skew: 

2. per-1: 

3. per-2:

<latexit sha1_base64="iL7aobL3EdjeTjedU8vAHWAXA1s=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4kLJbpHosePFYwX5Au5Rsmm1Dk2xIsoWy9Ed48aCIV3+PN/+NabsHbX0w8Hhvhpl5keLMWN//9jY2t7Z3dgt7xf2Dw6Pj0slpyySpJrRJEp7oToQN5UzSpmWW047SFIuI03Y0vp/77QnVhiXyyU4VDQUeShYzgq2T2qqfTa7ZrF8q+xV/AbROgpyUIUejX/rqDRKSCiot4diYbuArG2ZYW0Y4nRV7qaEKkzEe0q6jEgtqwmxx7gxdOmWA4kS7khYt1N8TGRbGTEXkOgW2I7PqzcX/vG5q47swY1KllkqyXBSnHNkEzX9HA6YpsXzqCCaauVsRGWGNiXUJFV0IwerL66RVrQS1SvXxplyv5XEU4Bwu4AoCuIU6PEADmkBgDM/wCm+e8l68d+9j2brh5TNn8Afe5w9bmo+N</latexit>pv,i

<latexit sha1_base64="5XFljZ+GyTe241BAw0St3qmSCWU=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i1WPBi8cK9kPapWTTbBuaZJckWyhLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7Hd3O/PWHa8Fg92mnCAkmGikecEuukpwnucYVb/WG/VPYq3gJ4nfg5KUOORr/01RvENJVMWSqIMV3fS2yQEW05FWxW7KWGJYSOyZB1HVVEMhNki4Nn+NIpAxzF2pWyeKH+nsiINGYqQ9cpiR2ZVW8u/ud1UxvdBhlXSWqZostFUSqwjfH8ezzgmlErpo4Qqrm7FdMR0YRal1HRheCvvrxOWtWKX6tUH67L9VoeRwHO4QKuwIcbqMM9NKAJFCQ8wyu8IY1e0Dv6WLZuoHzmDP4Aff4A9iaP1A==</latexit>

v 2 Vg

<latexit sha1_base64="IV1M7zUgRKpgegYsh6xEjUweSMg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRFWpcFN66kgn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431Zpa3tnd6+8Xzk4PDo+sU/PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpne535tRqVgsnvQ8oX6Ex4KFjGBtpKFtM+QxgbwI60kQZA+LoV11as4SaJO4BalCgfbQ/vJGMUkjKjThWKmB6yTaz7DUjHC6qHipogkmUzymA0MFjqjys2XyBboyygiFsTRPaLRUf29kOFJqHgVmMk+o1r1c/M8bpDq89TMmklRTQVaHwpQjHaO8BjRikhLN54ZgIpnJisgES0y0KatiSnDXv7xJuvWa26jVH2+qrUZRRxku4BKuwYUmtOAe2tABAjN4hld4szLrxXq3PlajJavYOYc/sD5/APTUkzI=</latexit>

i 2 N

<latexit sha1_base64="ZVnVERRe6lTAqriZT3LMHbGVcwc="></latexit>

sup
i2N,u,w2Vg

{|pv,i � pw,i|} = S

<latexit sha1_base64="yWBd6KnHMr3Wjfvni4cu1vbvUe0="></latexit>

inf
i2N

{min
v2Vg

pv,i+1 �max
v2Vg

pv,i} � Pmin

<latexit sha1_base64="dQUTuC54MfZDJUAGHcIufUtSzyc="></latexit>

sup
i2N

{max
v2Vg

pv,i+1 � min
v2Vg

pv,i}  Pmax

<latexit sha1_base64="ZCa6UZZ48yyV5UNRHVsKtRKI/X8=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4kDJTpbqSghuX9dEHtGXIpJk2NJMZkoxYwnyIG3/FjQtF3LgQ/BvT6QjaeiBwcs693HuPFzEqlW1/WbmFxaXllfxqYW19Y3OruL3TlGEsMGngkIWi7SFJGOWkoahipB0JggKPkZY3upj4rTsiJA35rRpHpBegAac+xUgZyS0edwOkhhgxfZMcwbqrzf/+h1GewC7lMK3xPH2duPrcTtxiyS7bKeA8cTJSAhnqbvGj2w9xHBCuMENSdhw7Uj2NhKKYkaTQjSWJEB6hAekYylFAZE+nxyXwwCh96IfCPK5gqv7u0CiQchx4pnKyppz1JuJ/XidW/llPUx7FinA8HeTHDKoQTpKCfSoIVmxsCMKCml0hHiKBsDJ5FkwIzuzJ86RZKTvVcuXqpFSrZnHkwR7YB4fAAaegBi5BHTQABg/gCbyAV+vRerberPdpac7KenbBH1if34EcoZk=</latexit>

S, Pmax, Pmin 2 R>0



Lower bounds

Number of faults f. Then necessarily:

Global: n > 3f

Local: degree > 2f



Ideas?





Chapter 11 (2) 
Low-degree 

clock distribution networks

Matthias Fuegger and Christoph Lenzen



Faults

1 2

0



0

1 2

3 4 5 6

Pulse Synchronization
In pulse synchronization, for each           , every 
(correct) node              generates pulse i exactly 
once.

Let        denote the time when v generates the i-th 
pulse. We require that there are                                      
satisfying 

1. skew: 

2. per-1: 

3. per-2:

<latexit sha1_base64="iL7aobL3EdjeTjedU8vAHWAXA1s=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4kLJbpHosePFYwX5Au5Rsmm1Dk2xIsoWy9Ed48aCIV3+PN/+NabsHbX0w8Hhvhpl5keLMWN//9jY2t7Z3dgt7xf2Dw6Pj0slpyySpJrRJEp7oToQN5UzSpmWW047SFIuI03Y0vp/77QnVhiXyyU4VDQUeShYzgq2T2qqfTa7ZrF8q+xV/AbROgpyUIUejX/rqDRKSCiot4diYbuArG2ZYW0Y4nRV7qaEKkzEe0q6jEgtqwmxx7gxdOmWA4kS7khYt1N8TGRbGTEXkOgW2I7PqzcX/vG5q47swY1KllkqyXBSnHNkEzX9HA6YpsXzqCCaauVsRGWGNiXUJFV0IwerL66RVrQS1SvXxplyv5XEU4Bwu4AoCuIU6PEADmkBgDM/wCm+e8l68d+9j2brh5TNn8Afe5w9bmo+N</latexit>pv,i

<latexit sha1_base64="5XFljZ+GyTe241BAw0St3qmSCWU=">AAAB8HicbVBNSwMxEJ34WetX1aOXYBE8ld0i1WPBi8cK9kPapWTTbBuaZJckWyhLf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXJoIb63nfaGNza3tnt7BX3D84PDounZy2TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7Hd3O/PWHa8Fg92mnCAkmGikecEuukpwnucYVb/WG/VPYq3gJ4nfg5KUOORr/01RvENJVMWSqIMV3fS2yQEW05FWxW7KWGJYSOyZB1HVVEMhNki4Nn+NIpAxzF2pWyeKH+nsiINGYqQ9cpiR2ZVW8u/ud1UxvdBhlXSWqZostFUSqwjfH8ezzgmlErpo4Qqrm7FdMR0YRal1HRheCvvrxOWtWKX6tUH67L9VoeRwHO4QKuwIcbqMM9NKAJFCQ8wyu8IY1e0Dv6WLZuoHzmDP4Aff4A9iaP1A==</latexit>

v 2 Vg

<latexit sha1_base64="IV1M7zUgRKpgegYsh6xEjUweSMg=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRFWpcFN66kgn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyScKe0431Zpa3tnd6+8Xzk4PDo+sU/PuipOJaEdEvNY9gOsKGeCdjTTnPYTSXEUcNoLpne535tRqVgsnvQ8oX6Ex4KFjGBtpKFtM+QxgbwI60kQZA+LoV11as4SaJO4BalCgfbQ/vJGMUkjKjThWKmB6yTaz7DUjHC6qHipogkmUzymA0MFjqjys2XyBboyygiFsTRPaLRUf29kOFJqHgVmMk+o1r1c/M8bpDq89TMmklRTQVaHwpQjHaO8BjRikhLN54ZgIpnJisgES0y0KatiSnDXv7xJuvWa26jVH2+qrUZRRxku4BKuwYUmtOAe2tABAjN4hld4szLrxXq3PlajJavYOYc/sD5/APTUkzI=</latexit>

i 2 N

<latexit sha1_base64="ZVnVERRe6lTAqriZT3LMHbGVcwc="></latexit>

sup
i2N,u,w2Vg

{|pv,i � pw,i|} = S

<latexit sha1_base64="yWBd6KnHMr3Wjfvni4cu1vbvUe0="></latexit>

inf
i2N

{min
v2Vg

pv,i+1 �max
v2Vg

pv,i} � Pmin

<latexit sha1_base64="dQUTuC54MfZDJUAGHcIufUtSzyc="></latexit>

sup
i2N

{max
v2Vg

pv,i+1 � min
v2Vg

pv,i}  Pmax

<latexit sha1_base64="ZCa6UZZ48yyV5UNRHVsKtRKI/X8=">AAACHHicbVDLSgMxFM3UV62vqks3wSK4kDJTpbqSghuX9dEHtGXIpJk2NJMZkoxYwnyIG3/FjQtF3LgQ/BvT6QjaeiBwcs693HuPFzEqlW1/WbmFxaXllfxqYW19Y3OruL3TlGEsMGngkIWi7SFJGOWkoahipB0JggKPkZY3upj4rTsiJA35rRpHpBegAac+xUgZyS0edwOkhhgxfZMcwbqrzf/+h1GewC7lMK3xPH2duPrcTtxiyS7bKeA8cTJSAhnqbvGj2w9xHBCuMENSdhw7Uj2NhKKYkaTQjSWJEB6hAekYylFAZE+nxyXwwCh96IfCPK5gqv7u0CiQchx4pnKyppz1JuJ/XidW/llPUx7FinA8HeTHDKoQTpKCfSoIVmxsCMKCml0hHiKBsDJ5FkwIzuzJ86RZKTvVcuXqpFSrZnHkwR7YB4fAAaegBi5BHTQABg/gCbyAV+vRerberPdpac7KenbBH1if34EcoZk=</latexit>

S, Pmax, Pmin 2 R>0



Last time: ideas session



no tree, only LW 

Idea 1: only LW algorithm

...3f+1



Idea 1
5x5 grid

properties: 
- fault tolerance? 

- cost? 

- skew?



properties: 
- fault tolerance? 

- cost? 

- skew?

Idea 1
5x5 grid



replicate the clock source, vote on output 

Idea 2: redundant trees

med

2f+1

3f+1



Idea 2
5x5 grid

properties: 
- fault tolerance? 

- skew? 

- cost?



replicate the clock source, vote on output 

Fault tolerance

med

1. at most f fail



replicate the clock source, vote on output 

Fault tolerance

med

2. at most f 
trees fail



replicate the clock source, vote on output 

Fault tolerance

med

2. at most f 
trees fail



Idea 2
5x5 grid

properties: 
- fault tolerance? 

- skew? 

- cost?



Skew

med



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="BBLqZMWMVHSIDQ/6pRQNCGMG1jc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFQAvLCOYDkiPsbSbJmr3bc3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUPLRDGsMymkagVUo+AR1g03AluxQhoGApvB6HrqN59QaS6jezOO0Q/pIOJ9zqixUqMj8JHcdIslt+zOQJaJl5ESZKh1i1+dnmRJiJFhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsa0RC1n86unZATq/RIXypbkSEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lEdxYjBi80X9RBAjyfR10uMKmRFjSyhT3N5K2JAqyowNqGBD8BZfXiaNStk7L1fuzkrVqyyOPBzBMZyCBxdQhVuoQR0YPMAzvMKbI50X5935mLfmnGzmEP7A+fwB+j+OuQ==</latexit>

 D

<latexit sha1_base64="BBLqZMWMVHSIDQ/6pRQNCGMG1jc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFQAvLCOYDkiPsbSbJmr3bc3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUPLRDGsMymkagVUo+AR1g03AluxQhoGApvB6HrqN59QaS6jezOO0Q/pIOJ9zqixUqMj8JHcdIslt+zOQJaJl5ESZKh1i1+dnmRJiJFhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsa0RC1n86unZATq/RIXypbkSEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lEdxYjBi80X9RBAjyfR10uMKmRFjSyhT3N5K2JAqyowNqGBD8BZfXiaNStk7L1fuzkrVqyyOPBzBMZyCBxdQhVuoQR0YPMAzvMKbI50X5935mLfmnGzmEP7A+fwB+j+OuQ==</latexit>

 D
<latexit sha1_base64="jKLHp4NyFwZdn+reyKYNHbWanjM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKqAcPBS8eK9gPSELZbDft0s1u3J0IJfRnePGgiFd/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXwqGNUpilrUyWU7kXEMMElawMHwXqpZiSJBOtG49uZ331i2nAlH2CSsjAhQ8ljTglYyQ8Ee8QBlzFM+tWaW3fnwKvEK0gNFWj1q1/BQNEsYRKoIMb4nptCmBMNnAo2rQSZYSmhYzJkvqWSJMyE+fzkKT6zygDHStuSgOfq74mcJMZMksh2JgRGZtmbif95fgbxdZhzmWbAJF0sijOBQeHZ/3jANaMgJpYQqrm9FdMR0YSCTaliQ/CWX14lnUbdu6w37i9qzZsijjI6QafoHHnoCjXRHWqhNqJIoWf0it4ccF6cd+dj0Vpyiplj9AfO5w8t/JEt</latexit> 1



Skew

<latexit sha1_base64="5Ygius/3ihUoRFh1nRDI+ahGu0E="></latexit>

med(pv1,k, pv2,k, pv3,k)  med(pr1,k +D, pr2,k +D,1)

 max(pr1,k +D, pr2,k +D)

 max(pr1,k, pr2,k) +D

med
<latexit sha1_base64="SwM6vv1EL9aOPOCMCZI07hO492Y=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuiFpYBGwsI5gPSY5jb7OXLNndO3b3AuHIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY7uZn57TJVmsXw0k4T6Ag8kixjBxkpPSZCNA+9iNA3KFbfqzoFWiZeTCuRoBOWvXj8mqaDSEI617npuYvwMK8MIp9NSL9U0wWSEB7RrqcSCaj+bHzxFZ1bpoyhWtqRBc/X3RIaF1hMR2k6BzVAvezPxP6+bmujGz5hMUkMlWSyKUo5MjGbfoz5TlBg+sQQTxeytiAyxwsTYjEo2BG/55VXSqlW9q2rt4bJSv83jKMIJnMI5eHANdbiHBjSBgIBneIU3RzkvzrvzsWgtOPnMMfyB8/kDijKQOQ==</latexit>pv1,k

<latexit sha1_base64="BEHGCbivAvpfD0n9w7GZAQ89K3w=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuiFpYBGwsI5gPSY5jb7OXLNndO3b3AuHIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY7uZn57TJVmsXw0k4T6Ag8kixjBxkpPSZCNg9rFaBqUK27VnQOtEi8nFcjRCMpfvX5MUkGlIRxr3fXcxPgZVoYRTqelXqppgskID2jXUokF1X42P3iKzqzSR1GsbEmD5urviQwLrScitJ0Cm6Fe9mbif143NdGNnzGZpIZKslgUpRyZGM2+R32mKDF8YgkmitlbERlihYmxGZVsCN7yy6ukVat6V9Xaw2WlfpvHUYQTOIVz8OAa6nAPDWgCAQHP8ApvjnJenHfnY9FacPKZY/gD5/MHi7mQOg==</latexit>pv2,k
<latexit sha1_base64="SCIN+Yei/GOgAX6BphJda6VPMl0=">AAAB8HicbVA9SwNBEJ3zM8avqKXNYhAsJNxFUQuLgI1lBPMhyXHsbfaSJbt7x+5eIBz5FTYWitj6c+z8N26SKzTxwcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThWhDRLzWLVDrClnkjYMM5y2E0WxCDlthcO7qd8aUaVZLB/NOKG+wH3JIkawsdJTEmSj4OJ8OAlKZbfizoCWiZeTMuSoB6Wvbi8mqaDSEI617nhuYvwMK8MIp5NiN9U0wWSI+7RjqcSCaj+bHTxBp1bpoShWtqRBM/X3RIaF1mMR2k6BzUAvelPxP6+TmujGz5hMUkMlmS+KUo5MjKbfox5TlBg+tgQTxeytiAywwsTYjIo2BG/x5WXSrFa8q0r14bJcu83jKMAxnMAZeHANNbiHOjSAgIBneIU3RzkvzrvzMW9dcfKZI/gD5/MHjUCQOw==</latexit>pv3,k



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="BBLqZMWMVHSIDQ/6pRQNCGMG1jc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFQAvLCOYDkiPsbSbJmr3bc3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUPLRDGsMymkagVUo+AR1g03AluxQhoGApvB6HrqN59QaS6jezOO0Q/pIOJ9zqixUqMj8JHcdIslt+zOQJaJl5ESZKh1i1+dnmRJiJFhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsa0RC1n86unZATq/RIXypbkSEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lEdxYjBi80X9RBAjyfR10uMKmRFjSyhT3N5K2JAqyowNqGBD8BZfXiaNStk7L1fuzkrVqyyOPBzBMZyCBxdQhVuoQR0YPMAzvMKbI50X5935mLfmnGzmEP7A+fwB+j+OuQ==</latexit>

 D

<latexit sha1_base64="BBLqZMWMVHSIDQ/6pRQNCGMG1jc=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFQAvLCOYDkiPsbSbJmr3bc3dPCEf+g42FIrb+Hzv/jZvkCk18MPB4b4aZeUEsuDau++3kVlbX1jfym4Wt7Z3dveL+QUPLRDGsMymkagVUo+AR1g03AluxQhoGApvB6HrqN59QaS6jezOO0Q/pIOJ9zqixUqMj8JHcdIslt+zOQJaJl5ESZKh1i1+dnmRJiJFhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsa0RC1n86unZATq/RIXypbkSEz9fdESkOtx2FgO0NqhnrRm4r/ee3E9C/9lEdxYjBi80X9RBAjyfR10uMKmRFjSyhT3N5K2JAqyowNqGBD8BZfXiaNStk7L1fuzkrVqyyOPBzBMZyCBxdQhVuoQR0YPMAzvMKbI50X5935mLfmnGzmEP7A+fwB+j+OuQ==</latexit>

 D
<latexit sha1_base64="jKLHp4NyFwZdn+reyKYNHbWanjM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKqAcPBS8eK9gPSELZbDft0s1u3J0IJfRnePGgiFd/jTf/jds2B219MPB4b4aZeVEquAHX/XZKa+sbm1vl7crO7t7+QfXwqGNUpilrUyWU7kXEMMElawMHwXqpZiSJBOtG49uZ331i2nAlH2CSsjAhQ8ljTglYyQ8Ee8QBlzFM+tWaW3fnwKvEK0gNFWj1q1/BQNEsYRKoIMb4nptCmBMNnAo2rQSZYSmhYzJkvqWSJMyE+fzkKT6zygDHStuSgOfq74mcJMZMksh2JgRGZtmbif95fgbxdZhzmWbAJF0sijOBQeHZ/3jANaMgJpYQqrm9FdMR0YSCTaliQ/CWX14lnUbdu6w37i9qzZsijjI6QafoHHnoCjXRHWqhNqJIoWf0it4ccF6cd+dj0Vpyiplj9AfO5w8t/JEt</latexit> 1

<latexit sha1_base64="+DUE1yG5nZC4CPwg0sAvtChakGs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCxVKSIurCRUEXLivYCzQhTKaTduhMEmcmYgnduvFV3LhQxK1v4M63cZpmoa0/DHz85xzOnN+PGZXKsr6NhcWl5ZXVwlpxfWNza9vc2W3JKBGYNHHEItHxkSSMhqSpqGKkEwuCuM9I2x9eTurteyIkjcJbNYqJy1E/pAHFSGnLM6HDyB10OHoox14qPLsyHFcyqmk6Or7yzJJVtTLBebBzKIFcDc/8cnoRTjgJFWZIyq5txcpNkVAUMzIuOokkMcJD1CddjSHiRLppdskYHmqnB4NI6BcqmLm/J1LEpRxxX3dypAZytjYx/6t1ExWcuykN40SREE8XBQmDKoKTWGCPCoIVG2lAWFD9V4gHSCCsdHhFHYI9e/I8tGpV+7Rauzkp1S/yOApgHxyAMrDBGaiDa9AATYDBI3gGr+DNeDJejHfjY9q6YOQze+CPjM8fmbyY+Q==</latexit>

 max(pr1,k, pr2,k) +D



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u

med

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u
<latexit sha1_base64="FP07JnK3HgxqwYD91kfb3TbliW4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGMB+QHGFvM5es2ds7d/eEcOQ/2FgoYuv/sfPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/lvRkn6Ed0IHnIGTVWanYH+EjcXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezaCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9HXS5wqZEWNLKFPc3krYkCrKjA2oaEPwFl9eJs1qxbuoVO/Oy7XrPI4CHMMJnIEHl1CDW6hDAxg8wDO8wpsTOy/Ou/Mxb11x8pkj+APn8wfUR46g</latexit>� 0



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u

med

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u
<latexit sha1_base64="FP07JnK3HgxqwYD91kfb3TbliW4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGMB+QHGFvM5es2ds7d/eEcOQ/2FgoYuv/sfPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/lvRkn6Ed0IHnIGTVWanYH+EjcXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezaCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9HXS5wqZEWNLKFPc3krYkCrKjA2oaEPwFl9eJs1qxbuoVO/Oy7XrPI4CHMMJnIEHl1CDW6hDAxg8wDO8wpsTOy/Ou/Mxb11x8pkj+APn8wfUR46g</latexit>� 0

<latexit sha1_base64="ZWbHEXnGhH+S7u16d09LKqnA7rs=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAiVKwlKaIuXBR04bKCvUATwmQ6aYdOJnFmIpTQvRtfxY0LRdz6Au58G6dpFtr6w8DHf87hzPm9iFGpTPPbyC0tr6yu5dcLG5tb2zvF3b22DGOBSQuHLBRdD0nCKCctRRUj3UgQFHiMdLzR1bTeeSBC0pDfqXFEnAANOPUpRkpbbrFkD8g9tAPKK5GbCNeqjibVlOqajo6vT2K3WDZrZiq4CFYGZZCp6Ra/7H6I44BwhRmSsmeZkXISJBTFjEwKdixJhPAIDUhPI0cBkU6S3jKBh9rpQz8U+nEFU/f3RIICKceBpzsDpIZyvjY1/6v1YuVfOAnlUawIx7NFfsygCuE0GNingmDFxhoQFlT/FeIhEggrHV9Bh2DNn7wI7XrNOqvVb0/Ljcssjjw4ACVQARY4Bw1wA5qgBTB4BM/gFbwZT8aL8W58zFpzRjazD/7I+PwB5LiZqA==</latexit>

� min(pr1,k, pr2,k) +D � u



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u

med

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u
<latexit sha1_base64="FP07JnK3HgxqwYD91kfb3TbliW4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGMB+QHGFvM5es2ds7d/eEcOQ/2FgoYuv/sfPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/lvRkn6Ed0IHnIGTVWanYH+EjcXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezaCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9HXS5wqZEWNLKFPc3krYkCrKjA2oaEPwFl9eJs1qxbuoVO/Oy7XrPI4CHMMJnIEHl1CDW6hDAxg8wDO8wpsTOy/Ou/Mxb11x8pkj+APn8wfUR46g</latexit>� 0

<latexit sha1_base64="+DUE1yG5nZC4CPwg0sAvtChakGs=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCxVKSIurCRUEXLivYCzQhTKaTduhMEmcmYgnduvFV3LhQxK1v4M63cZpmoa0/DHz85xzOnN+PGZXKsr6NhcWl5ZXVwlpxfWNza9vc2W3JKBGYNHHEItHxkSSMhqSpqGKkEwuCuM9I2x9eTurteyIkjcJbNYqJy1E/pAHFSGnLM6HDyB10OHoox14qPLsyHFcyqmk6Or7yzJJVtTLBebBzKIFcDc/8cnoRTjgJFWZIyq5txcpNkVAUMzIuOokkMcJD1CddjSHiRLppdskYHmqnB4NI6BcqmLm/J1LEpRxxX3dypAZytjYx/6t1ExWcuykN40SREE8XBQmDKoKTWGCPCoIVG2lAWFD9V4gHSCCsdHhFHYI9e/I8tGpV+7Rauzkp1S/yOApgHxyAMrDBGaiDa9AATYDBI3gGr+DNeDJejHfjY9q6YOQze+CPjM8fmbyY+Q==</latexit>

 max(pr1,k, pr2,k) +D
<latexit sha1_base64="ZWbHEXnGhH+S7u16d09LKqnA7rs=">AAACC3icbZDLSsNAFIYn9VbrrerSzdAiVKwlKaIuXBR04bKCvUATwmQ6aYdOJnFmIpTQvRtfxY0LRdz6Au58G6dpFtr6w8DHf87hzPm9iFGpTPPbyC0tr6yu5dcLG5tb2zvF3b22DGOBSQuHLBRdD0nCKCctRRUj3UgQFHiMdLzR1bTeeSBC0pDfqXFEnAANOPUpRkpbbrFkD8g9tAPKK5GbCNeqjibVlOqajo6vT2K3WDZrZiq4CFYGZZCp6Ra/7H6I44BwhRmSsmeZkXISJBTFjEwKdixJhPAIDUhPI0cBkU6S3jKBh9rpQz8U+nEFU/f3RIICKceBpzsDpIZyvjY1/6v1YuVfOAnlUawIx7NFfsygCuE0GNingmDFxhoQFlT/FeIhEggrHV9Bh2DNn7wI7XrNOqvVb0/Ljcssjjw4ACVQARY4Bw1wA5qgBTB4BM/gFbwZT8aL8W58zFpzRjazD/7I+PwB5LiZqA==</latexit>

� min(pr1,k, pr2,k) +D � u



Skew

med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u

med

<latexit sha1_base64="rcmKeD12jVK8LkuuKL9NZYR/h3E=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhBsDHdB1MIioIVlBPMByRH2NnPJkr29y+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++2srK6tb2zmtvLbO7t7+4WDw7qOU8WwxmIRq2ZANQousWa4EdhMFNIoENgIBrdTv/GESvNYPppRgn5Ee5KHnFFjpWa7h0Nyd552CkW35M5AlomXkSJkqHYKX+1uzNIIpWGCat3y3MT4Y6oMZwIn+XaqMaFsQHvYslTSCLU/nt07IadW6ZIwVrakITP198SYRlqPosB2RtT09aI3Ff/zWqkJr/0xl0lqULL5ojAVxMRk+jzpcoXMiJEllClubyWsTxVlxkaUtyF4iy8vk3q55F2Wyg8XxcpNFkcOjuEEzsCDK6jAPVShBgwEPMMrvDlD58V5dz7mrStONnMEf+B8/gA2Qo9q</latexit>

� D � u
<latexit sha1_base64="FP07JnK3HgxqwYD91kfb3TbliW4=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGMB+QHGFvM5es2ds7d/eEcOQ/2FgoYuv/sfPfuEmu0MQHA4/3ZpiZFySCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDP1W0+oNI/lvRkn6Ed0IHnIGTVWanYH+EjcXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezaCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9HXS5wqZEWNLKFPc3krYkCrKjA2oaEPwFl9eJs1qxbuoVO/Oy7XrPI4CHMMJnIEHl1CDW6hDAxg8wDO8wpsTOy/Ou/Mxb11x8pkj+APn8wfUR46g</latexit>� 0

<latexit sha1_base64="dUH9i7LHgbApgGpdxjeI4t9YJQE=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCIJSkiLpwUXDjsqJ9QBPKZDJph05m4sxEKGnd+CtuXCji1r9w5984bbPQ1gMXDufcy733BAmjSjvOt7WwuLS8slpYK65vbG5t2zu7DSVSiUkdCyZkK0CKMMpJXVPNSCuRBMUBI82gfzX2mw9EKir4nR4kxI9Rl9OIYqSN1LH3hx4OhR5Cj5F7mHkYMXg7gidpxy45ZWcCOE/cnJRAjlrH/vJCgdOYcI0ZUqrtOon2MyQ1xYyMil6qSIJwH3VJ21COYqL8bPLBCB4ZJYSRkKa4hhP190SGYqUGcWA6Y6R7atYbi/957VRHF35GeZJqwvF0UZQyqAUcxwFDKgnWbGAIwpKaWyHuIYmwNqEVTQju7MvzpFEpu2flys1pqXqZx1EAB+AQHAMXnIMquAY1UAcYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AWS2li8=</latexit>

| · |  S + u



Idea 2
5x5 grid

properties: 
- fault tolerance? 

- skew? 

- cost?



Cost

med
<latexit sha1_base64="SwM6vv1EL9aOPOCMCZI07hO492Y=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuiFpYBGwsI5gPSY5jb7OXLNndO3b3AuHIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY7uZn57TJVmsXw0k4T6Ag8kixjBxkpPSZCNA+9iNA3KFbfqzoFWiZeTCuRoBOWvXj8mqaDSEI617npuYvwMK8MIp9NSL9U0wWSEB7RrqcSCaj+bHzxFZ1bpoyhWtqRBc/X3RIaF1hMR2k6BzVAvezPxP6+bmujGz5hMUkMlWSyKUo5MjGbfoz5TlBg+sQQTxeytiAyxwsTYjEo2BG/55VXSqlW9q2rt4bJSv83jKMIJnMI5eHANdbiHBjSBgIBneIU3RzkvzrvzsWgtOPnMMfyB8/kDijKQOQ==</latexit>pv1,k

<latexit sha1_base64="BEHGCbivAvpfD0n9w7GZAQ89K3w=">AAAB8HicbVA9SwNBEJ2LXzF+RS1tFoNgIeEuiFpYBGwsI5gPSY5jb7OXLNndO3b3AuHIr7CxUMTWn2Pnv3GTXKGJDwYe780wMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpOFWENknMY9UJsaacSdo0zHDaSRTFIuS0HY7uZn57TJVmsXw0k4T6Ag8kixjBxkpPSZCNg9rFaBqUK27VnQOtEi8nFcjRCMpfvX5MUkGlIRxr3fXcxPgZVoYRTqelXqppgskID2jXUokF1X42P3iKzqzSR1GsbEmD5urviQwLrScitJ0Cm6Fe9mbif143NdGNnzGZpIZKslgUpRyZGM2+R32mKDF8YgkmitlbERlihYmxGZVsCN7yy6ukVat6V9Xaw2WlfpvHUYQTOIVz8OAa6nAPDWgCAQHP8ApvjnJenHfnY9FacPKZY/gD5/MHi7mQOg==</latexit>pv2,k
<latexit sha1_base64="SCIN+Yei/GOgAX6BphJda6VPMl0=">AAAB8HicbVA9SwNBEJ3zM8avqKXNYhAsJNxFUQuLgI1lBPMhyXHsbfaSJbt7x+5eIBz5FTYWitj6c+z8N26SKzTxwcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThWhDRLzWLVDrClnkjYMM5y2E0WxCDlthcO7qd8aUaVZLB/NOKG+wH3JIkawsdJTEmSj4OJ8OAlKZbfizoCWiZeTMuSoB6Wvbi8mqaDSEI617nhuYvwMK8MIp5NiN9U0wWSI+7RjqcSCaj+bHTxBp1bpoShWtqRBM/X3RIaF1mMR2k6BzUAvelPxP6+TmujGz5hMUkMlmS+KUo5MjKbfox5TlBg+tgQTxeytiAywwsTYjIo2BG/x5WXSrFa8q0r14bJcu83jKMAxnMAZeHANNbiHOjSAgIBneIU3RzkvzrvzMW9dcfKZI/gD5/MHjUCQOw==</latexit>pv3,k

3f+1 roots & 2f+1 trees



Depends on the environment

med

3 faults



Q: other solutions?



median at each stage of the tree 

Idea 3: interlinked trees

med med med

med med med



median at each stage of the tree 

Skew

med med med

med med med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

? 



median at each stage of the tree 

Skew

med med med

med med med

<latexit sha1_base64="6Elm5Rq0zbs6uSwAnBKhS9bgqcY=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0QtbAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0UjvrMirJ/aRXKrsVdwayTLyclCFHvVf66vZjlkZcIZPUmI7nJuhnVKNgkk+K3dTwhLIRHfCOpYpG3PjZ7N4JObVKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYZXfiZUkiJXbL4oTCXBmEyfJ32hOUM5toQyLeythA2ppgxtREUbgrf48jJpViveRaV6d16uXedxFOAYTuAMPLiEGtxCHRrAQMIzvMKb8+i8OO/Ox7x1xclnjuAPnM8fvLGPwg==</latexit>

S

? 



median at each stage of the tree 

Idea 4: interlinked trees v2

med med med

med med med med

med

...

...





<latexit sha1_base64="J2ukHe1AWM8C2ax7PTjePAR5adQ="></latexit>

P (� 100 faults) = 1� P ( 99 faults) ⇡ 6.9 · 10�15

<latexit sha1_base64="5VzYQxkClqMSP7jhQwmuWHz3Gdw=">AAACLHicbZBNS8NAEIY39bt+VT16WSyCHgxJEe1BQfDisYKtQhPKZjtpl24+3J2IJfQHefGvCOLBIl79HW5rD9o6sPDyPjPMzhukUmh0nKFVmJtfWFxaXimurq1vbJa2ths6yRSHOk9kou4CpkGKGOooUMJdqoBFgYTboHc54rcPoLRI4hvsp+BHrBOLUHCGxmqVLmsHXgfuaYV6CI+Y05BlEvXg8Jy69IgaKg11pyn1WJqq5JE6dtVplcqO7YyLzgp3IspkUrVW6dVrJzyLIEYumdZN10nRz5lCwSUMil6mIWW8xzrQNDJmEWg/Hx87oPvGadMwUebFSMfu74mcRVr3o8B0Rgy7epqNzP9YM8Ow6uciTjOEmP8sCjNJMaGj5GhbKOAo+0YwroT5K+VdphhHk2/RhOBOnzwrGhXbPbEr18fli7NJHMtkl+yRA+KSU3JBrkiN1AknT+SFvJOh9Wy9WR/W509rwZrM7JA/ZX19A0LYpS0=</latexit>

P (� 2 faults) = 1� P ( 1 faults) ⇡ 0.80

Ex 11.1



100 faults

global constraint (idea 1, LW):

local constraints (idea 2, redundant trees):

<latexit sha1_base64="VwpRcPOBOkUTN3TvUIK88QzFHnY=">AAACHnicbVDJSgNBEO2JW4xb1KOXxiAklzAT3A4KAS8eI5gFkhB6OjVJk57F7hoxDPkSL/6KFw+KCJ70b+wsB018UPB4r6q76rmRFBpt+9tKLS2vrK6l1zMbm1vbO9ndvZoOY8WhykMZqobLNEgRQBUFSmhECpjvSqi7g6uxX78HpUUY3OIwgrbPeoHwBGdopE72pJJvITxgwkOlgOOocEmNJOGOOnTqUI/FEmkEiqISkYRRoZPN2UV7ArpInBnJkRkqnexnqxvy2IcAuWRaNx07wnbCFApuHsy0Yg0R4wPWg6ahAfNBt5PJeSN6ZJQu9UJlKkA6UX9PJMzXeui7ptNn2Nfz3lj8z2vG6J23ExFEMULApx95saQY0nFWtCvGkcihIYwrYXalvM8U42gSzZgQnPmTF0mtVHROi6Wb41z5YhZHmhyQQ5InDjkjZXJNKqRKOHkkz+SVvFlP1ov1bn1MW1PWbGaf/IH19QMsd6Hj</latexit>

P (correct) = P ( 1 fault per triple)

<latexit sha1_base64="J2ukHe1AWM8C2ax7PTjePAR5adQ="></latexit>

P (� 100 faults) = 1� P ( 99 faults) ⇡ 6.9 · 10�15

<latexit sha1_base64="VkhETSCI2s7bqh+dghm+YlMdITY=">AAACGXicbVDJSgNBEO1xjXEb9eilMQjJJcwEUQ8KAS8eI5gFkhB6OjVJk57F7hoxDPkNL/6KFw+KeNSTf2NnOWjig4LHe1VU1fNiKTQ6zre1tLyyurae2chubm3v7Np7+zUdJYpDlUcyUg2PaZAihCoKlNCIFbDAk1D3Bldjv34PSosovMVhDO2A9ULhC87QSB3bqeRbCA+Y8kgp4DgqXFIjSbijLp061GeJxCFFBTAqdOycU3QmoIvEnZEcmaHSsT9b3YgnAYTIJdO66ToxtlOmUHAJo2wr0RAzPmA9aBoasgB0O518NqLHRulSP1KmQqQT9fdEygKth4FnOgOGfT3vjcX/vGaC/nk7FWGcIIR8ushPJMWIjmOiXTFOQw4NYVwJcyvlfaYYRxNm1oTgzr+8SGqlontaLN2c5MoXszgy5JAckTxxyRkpk2tSIVXCySN5Jq/kzXqyXqx362PaumTNZg7IH1hfP1wfn+M=</latexit>

P (correct) = P ( 1 faulty tree)

local constraints (idea 3, interlinked trees):





Chapter 11 (3) 
Low-degree 

clock distribution networks

Matthias Fuegger and Christoph Lenzen



Clocking a grid with root(s) & tree(s)
5x5 grid

properties: 
- fault tolerance 

- skew 

- cost



Clocking a grid with root(s) & tree(s)
5x5 grid

properties: 
- fault tolerance 

- skew (g & l):  

- cost

<latexit sha1_base64="61cdxXKxonv3S95d4X839JZqzbg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosgCCUpoi5cFNy4rGjaQhPKZDJph05m4sxEKGlx46+4caGIW7/CnX/j9LHQ1gMXDufcy733hCmjSjvOt7WwuLS8slpYK65vbG5t2zu7dSUyiYmHBROyGSJFGOXE01Qz0kwlQUnISCPsXY38xgORigp+p/spCRLU4TSmGGkjte39gY8joQfQZ+Qe5j5GDN4O4Qn02nbJKTtjwHniTkkJTFFr219+JHCWEK4xQ0q1XCfVQY6kppiRYdHPFEkR7qEOaRnKUUJUkI9fGMIjo0QwFtIU13Cs/p7IUaJUPwlNZ4J0V816I/E/r5Xp+CLIKU8zTTieLIozBrWAozxgRCXBmvUNQVhScyvEXSQR1ia1ognBnX15ntQrZfesXLk5LVUvp3EUwAE4BMfABeegCq5BDXgAg0fwDF7Bm/VkvVjv1sekdcGazuyBP7A+fwCSJZY5</latexit>

| · |  S + U



Clocking a grid with root(s) & tree(s)
5x5 grid

<latexit sha1_base64="61cdxXKxonv3S95d4X839JZqzbg=">AAACAnicbVDLSsNAFJ34rPUVdSVuBosgCCUpoi5cFNy4rGjaQhPKZDJph05m4sxEKGlx46+4caGIW7/CnX/j9LHQ1gMXDufcy733hCmjSjvOt7WwuLS8slpYK65vbG5t2zu7dSUyiYmHBROyGSJFGOXE01Qz0kwlQUnISCPsXY38xgORigp+p/spCRLU4TSmGGkjte39gY8joQfQZ+Qe5j5GDN4O4Qn02nbJKTtjwHniTkkJTFFr219+JHCWEK4xQ0q1XCfVQY6kppiRYdHPFEkR7qEOaRnKUUJUkI9fGMIjo0QwFtIU13Cs/p7IUaJUPwlNZ4J0V816I/E/r5Xp+CLIKU8zTTieLIozBrWAozxgRCXBmvUNQVhScyvEXSQR1ia1ognBnX15ntQrZfesXLk5LVUvp3EUwAE4BMfABeegCq5BDXgAg0fwDF7Bm/VkvVjv1sekdcGazuyBP7A+fwCSJZY5</latexit>

| · |  S + U

<latexit sha1_base64="SNNEgNbMy4tDhARy2nRGOxtZk/k=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CqIVFwMYyARMDyRH2NnPJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++0U1tY3NreK26Wd3b39g/LhUVvHqWLYYrGIVSegGgWX2DLcCOwkCmkUCHwIxrcz/+EJleaxvDeTBP2IDiUPOaPGSs20X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj90Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+5oMuEJmxMQSyhS3txI2oooyY7Mp2RC85ZdXSbtW9S6rteZFpX6Tx1GEEziFc/DgCupwBw1oAQOEZ3iFN+fReXHenY9Fa8HJZ47hD5zPH+IpjPo=</latexit>u

<latexit sha1_base64="QsqxrN+8bqivJd+P28WX4rL/Kcw=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2W3iHpQKHjxWMGthXYp2TTbhmaza5IVytI/4cWDIl79O978N6btHrT1wcDjvRlm5gWJ4No4zjcqrKyurW8UN0tb2zu7e+X9g5aOU0WZR2MRq3ZANBNcMs9wI1g7UYxEgWAPwehm6j88MaV5LO/NOGF+RAaSh5wSY6W2h69xWE1Pe+WKU3NmwMvEzUkFcjR75a9uP6ZpxKShgmjdcZ3E+BlRhlPBJqVuqllC6IgMWMdSSSKm/Wx27wSfWKWPw1jZkgbP1N8TGYm0HkeB7YyIGepFbyr+53VSE176GZdJapik80VhKrCJ8fR53OeKUSPGlhCquL0V0yFRhBobUcmG4C6+vExa9Zp7XqvfnVUaV3kcRTiCY6iCCxfQgFtoggcUBDzDK7yhR/SC3tHHvLWA8plD+AP0+QM/Ko7J</latexit>

U = f(u)

- skew (local):  

uncert.



Limits

k x k grid, n = k^2 
with 1 x 1 cells 

Show: 
In any tree spanning the points, 
exist two grid-neighboring nodes with 
tree-distance d = Omega(k).

1 2 3

4 5 6

7 8 9



Tree: 
degree <= 3 (in+out degree)



Exists edge e st. 
after removing e: both components size >= 
(n-1)/3 = Omega(n)



Exists edge e st. 
after removing e: both components size >= 
(n-1)/3 = Omega(n) 

n = 9 -> 
subtree size >= 8/3 = 2.6..



Pick e. 
Case 1: |T1|, |T2| >= (n-1)/3. Done.

T1

T2



Pick e. 
Case 1: |T1|, |T2| >= (n-1)/3. Done. 
Case 2: |T1| < (n-1)/3. 

-> |T2| = n - |T1| >= n - (n-1)/3 = 2(n-1)/3 + 1 

T1

T2



Case 2: |T1| < (n-1)/3. 
-> |T2| = n - |T1| >= n - (n-1)/3 = 2(n-1)/3 + 1 
w := endpoint of e in T2 

w

T1

T2



Case 2: |T1| < (n-1)/3. 
-> |T2| = n - |T1| >= n - (n-1)/3 = 2(n-1)/3 + 1 
w := endpoint of e in T2 
delete w 
-> at most 2 components of T2 (degree <= 3)

w

T1

T2



Case 2: |T1| < (n-1)/3. 
-> |T2| = n - |T1| >= n - (n-1)/3 = 2(n-1)/3 + 1 
w := endpoint of e in T2 
delete w 
-> at most 2 components of T2 (degree <= 3): T2' & T2'' 
-> exists component T2' with size >= (|T2|-1)/2 
     >= (n-1)/3

w

T2''

T1
T2'



-> exists component T2' with size >= (|T2|-1)/2 
     >= (n-1)/3 
delete edge from component T2' to w in T 

w

T1
T2'



-> exists component T2' with size >= (|T2|-1)/2 
     >= (n-1)/3 
delete edge from component T2'  to w in T 
-> T1' and T2' with 
     |T1'| > |T1| 

  |T2'| >= (n-1)/3

w T1'

T1
T2'



|T1'| > |T1| 
|T2'| >= (n-1)/3 

if both >= (n-1)/3: 
Done. 

else: 
Repeat with T1' and T2' instead of T1 and T2.

w

T1
T2'

T1'



-> partition tree into 2 trees with 
    Omega(k^2) nodes 

1 2 3

4 5 6

7 8 9



-> partition tree into 2 trees with 
    Omega(k^2) nodes 

boundary node := 
grid-neighbors in both sets 

dist(u,v) := dist in grid 
d(u,v) := dist in tree 

-> exist boundary nodes of 
T1 (and of T2) with dist = Omega(k) [geometric arg.]

1 2 3

4 5 6

7 8 9



-> partition tree into 2 trees with 
    Omega(k^2) nodes 

-> exist boundary nodes of 
T1 (and of T2) with dist = Omega(k) 
u, v two such nodes in T1 

1 2 3

4 5 6

7 8 9

u

v



-> exist boundary nodes of 
T1 (and of T2) with dist = Omega(k) 
u, v two such nodes in T1 

-> one (e.g. u) of a := dist = Omega(k) to T1 root (triangle) 
-> u has d >= a = Omega(k) to its neighbor in T2

1 2 3

4 5 6

7 8 9

u

v





Q last time
5 x 5 grid

reg i

reg U(i)

reg B(i)

reg i-1 reg i+1

>=1



-> live session


