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3. Integrated Warp system
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Table 1 Project Chronology

Date Description

Sept 86 Project start

May 87 Initial architecture studies reported

Aug 88 Implementation started

Dec 90 Layout complete

Jun 91 First silicon

Jan 92 Second pass silicon

May 93 Evaluation reported
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Y(~PM)OnEGD�O&A&pgVÆT>EGO&?B=@KU]�NlO&L@D_Y[pXC(L@VXpgOnN}EG=@\æT>EGO&?B=@KU]ØVg?$D
L@Y(V¥v� G�Gy+z²buOnM}Vg?BDF~&Y(DFH�EG=@KU?���EGM}=@Y[O M)pgD�VgEGM)MZ?B\cpg=@O&;>T
O&L@?REG=@=�Y[pX=@KU?BHJ?B=@O®Y[~®O&L@?P��DFEG]¶{�wG£È;>=c��K�OnY$QS?BDlY(~
 GÓGÓGw@z�{�L@?ºÊ&A&acEGKUL�;>=@?B½ MÀK�Y[H�HJpg=@;�KUEGO&;>Y[=éVg?BDF~uY[D�A
HJEG=@K�?P�REGM�\Xpg?iOnY¶EJKUY(H�QS;�=@EGOn;>Y(=±Y[~�EJ~&EGMZO®D_Y[pgO&?BDnN
wG£çVgEGKU�<EGC(;>=�C(N�EG=@\­E¦M)O&D_?BEGHJT>;>=@?B\Ø=�?$O&��Y(D��¥;>=�On?BD�A
~&EGK�?<z$acEG=@]i;�\X?BEGM�~&D_Y[H�O&L@?�Ê&A&acEGKUL�;>=@?�=@?BOn�RY[D��i~&E)Q^A
D�;>KêL�EGj<?å~uY[pX=@\ O&L@?B;>DÎ��EG] ;>=�OnYëK�Y[HJH�?BD�K�;>EGT
HJEGK�L@;>=@?BM�;>=@K�T>pg\X;>=�C�OnL�?���D�EG]�{XwG£ÐEG=@\J{�wG�tEG=@\JO&L@?
bu=@On?BT[¤�eh��b@� ?B\iHJEGK�L@;>=@?<z

{XL@?�=@?BOn�RY[D���;>=@O&?BDF~&EGK�?�Y(~qO&L@?�ac£}dBNGQ^]�VgD�Y(j<;�\XA
;>=@CrEieh�Xì�£È;>=@MZOnDFpgK�On;>Y(=cO&YsOnD�EG=@M)H�;>O�HJ?BMZM)EGC<?BM�EG=@\
L@EGD_\X��EGD_?sH�?$MZM)EGC<?s\X;>MZVgEGOnK�LÇY(=ÇD_?BKU?BVgO&;>Y(=@NoMZ?$OlO&L@?
M)O&EG=@\XEGD_\Ì~&Y(D©pgMZ?BD�AuT>?Bj<?BT�HJ?BMZM)EGC<;>=@C�Vg?BD�~&Y(DFHJEG=�KU?<z
��OnL@?BD�?B�|Vg?BDF;�HJ?B=@O&EGT@H�EGKUL@;>=�?$M�L�EGj<?�OnEG�<?B=JE�M);>HJ;>T>EGD
EGVgVgD_Y[EGK�L�v� � GN�«GN� GÕGy+z[e|Y(~&O&��EGD_?PVgD�Y(OnY(KUY(T>M�L�EGj<?PEGT>M)Y
?Bj<Y(T>jk?$\±vx G«GygOnY�VgD_Y(j<;>\X?�O&L@?�MZEGHJ?�HJY(\X?BT(Y(~gD_?$EGK�On;�j<?
HJ?BMZM)EGC<;>=@C�Y(=�MZOnY(KU��L@EGD_\X��EGD_?<z
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Fine-grain computing is feasible:
��pXDæ?$�|Vg?BDF;�HJ?B=@O&M

M)L�Y[�R?$\´OnL�EGOt;>Ot;>M¦~&?BEGM); Q^T>?¥OnYª?$�|O&DFEGKUOtVgEGD�EGT>T>?BT>;>MZH
��;>O&L�EsOnL�D�?BEG\�M);>�G?�Y(~�Es~&?B�çL@pg=@\XD_?B\¥;>=�M)O&D_pXKUO&;>Y[=�M
~&D_Y(HõHJEG=@]æEGVXVgT>;>KUEGO&;>Y[=�M�EG=@\�OnL�EGO���;>O&L´?B~�mXKU;>?B=@O
HJ?BK�L@EG=@;>M)H�M�O&L@?BM)?±EGVgVgT>;>K�EGOn;>Y(=@MsKUEG=°QS?±?B~nmgK�;>?$=�OnT>]
?B�²?BK�pgO&?B\cY[=rERHJEGK�L@;>=@?���;>O&LRÂ�pXM)O  GaiQ^](O&?�Y(~ HJ?BH�A
Y(DF]�Vg?BD^=@Y(\X?<z
Mechanisms work: ö ?�;>HJVXT>?BHJ?B=@O&?$\�M)?Bjk?BDFEGTkVgEGD�EGT>AT>?BT�VgD_Y(C(D�EGHJHJ;>=�C©HJY[\X?BT>Mi��;>O&L¥Vg?$D�~&Y(DFH�EG=@KU?sK�Y[H�A
Vg?BO&;>On;>jk? ��;>O&L L@EGD_\X�R;>D�?B\ ;>HJVgT>?BHJ?B=@O&EGO&;>Y[=�MGz
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acEGKUL@;>=@?cH�?BKUL@EG=@;�M)HJM�EGT>M)Y¥OnEGpXC(L�O�pXM�O&L@?B;>DiMZL@Y(DFO&A
KUY(HJ;>=�C(M²zi:<Y[D­?B�|EGHJVgT>?BNcOnL�?¸M)O&D_?BEGHJ;>=@CçH�?BM)M)EGC<?
eh�Xì�£Ð;>=@M)O&DFpgKUO&;>Y(=PY[~gO&L@?�ÊuA&acEGKUL@;>=@?�KUEGpXM)?BM�D_?BM)Y(pgD_KU?
EGT>T>Y(KUEGO&;>Y[=�VgD�Y$QST>?BH�MGz�{XL@?BMZ?çM)L@Y(DFO&KUY(HJ;>=@C<M�L�EGj<?
QS?B?B=�D_?BHJ?B\X;>?B\i;>=RY[pgD"~&Y(T>T>Y(��A&Y(=�VgD_Y$Â�?BKUO&M�vx GÔGy+z
There is no substitute to building it:

øX]�;>H�VgT>?BHJ?B=@O&A
;>=@CROnL�?�ac£}d���?l~&Y(pg=@\�O&L@EGOXY[pgDo;>=@;>O&;>EGTk?BM)O&;>HJEGO&?BM®Y(~
KUY(M)OSEG=@\¶Vg?BDF~uY[D�HJEG=@K�?���?BD_?�;>=JMZY[H�?�KUEGM)?BM�~&EGD®~&D_Y(H
O&L@?±HJEGDF�^z"{XL�?JQSpg;>T>\X;�=@C�VXD�Y(KU?BMZM�EGT>M)Y�§X?BM)L@?B\ªY[pgO
HJEG=@]æK�L@EGT>T>?B=@C<;>=@Cæ\X?BMZ;>C(=´EG=@\�On?BK�L@=@Y(T>Y[C<]æVgD_Y/Q^A
T>?BHJM²z+��pXDS�RY[D���Y(=�L@;>C<L@AuM)Vg?B?B\PM);�C(=@EGT>;�=@C(NÅ~uY[D^?B�²EGH�A
VgT>?BNÈM)O&EGDFO&?B\ë~&D_Y[H EG=¹Y/Q^M)?BDFjkEGO&;>Y[=¹O&L@EGO¿a�£�d
Vg?BDF~uY[D�HJEG=@K�?���EGMPT>;>HJ;�On?B\±QS]°Vg;>=¶Q^EG=@\X��;>\XO&Lqzg{XL@?
VgL@]<M);>K�EGT� G¡G�GÁGAu=@Y[\X?sVgD�Y(O&Y[O&](VX?��&O&Y[Y¦T>EGD_C<?�O&Y¦M);>HJpXA
T>EGO&?B��D�?Bjk?BEGT>?B\©KUL@EGT�T>?B=@C(;>=�CrD_?BM)Y(pgD_KU?iEGT>T>Y(KUEGO&;>Y(=±EG=@\
T>Y(EG\rQ^EGT>EG=@KU;>=�C±VgD_Y/Q^T>?BHJMsv�ÔGy)z ö L@;>T�?J;>O�;�M�KU?BDFO&EG;>=@T>]?BEGM);>?BD^O&Y��<pg;>OkEG~uOn?BD^O&L@?�MZ;>HJpgT>EGO&;>Y(=�MZOnEGC<?�Y[~@E�VgD_Y$Â�?BKUO&N
��?�~&Y(pg=@\cOnL@EGO OnL@?�D�?BMZpgT>O&MlEGOqOnL@EGO M)OnEGC<?�T>EGK���D_?BEGT>;>On]
EG=@\iEGD_?�Y[~uOn?B=��RD_Y[=@C^z
Focus on the core issues:

:(Y(D¸OnL�?çac£}dùO&L@?çK�Y[D_?
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HJ?BK�L@EG=@;>M)H�M)N|~uEGM)OgKUY(=@O&?B�²OgM)�R;>OnK�L@;>=@C<N|EG=@\�mg=@?BAuC(D�EG;>=
O&L@D�?BEG\¶EG=@\¶Y$Q(Â�?BK�OSL@EG=@\XT�;>=@CSz ö ?��R?BD_?�=@Y(OSMZOnpg\X]<;>=@C;>=@MZOnDFpgK�On;>Y(=�M)?BO}\X?BMZ;>C(=@N®Vg;>Vg?BT>;>=�;>=@C�O&?BKUL@=@;>�<pX?BM)N®KU;>D�A
KUpX;>O@\X?BMZ;>C(=@N²Y(D"T>Y(C(;�K®\X?BM);>C<=qz ö ?�O&Y(Y[��E�jk?BDF]�KUY(=@M)?BD�AjkEGOn;>jk?IEGVXVgD�Y(EGKUL¼O&YµOnL@?BMZ?�EGD�?BEGMæO&L@EGOÐM)EGKUD�;>mXKU?B\
KUY(=@MZ;>\X?BDFE)QST�?¿E)QSMZY[T>pXOn?¾Vg?BDF~&Y(D�HJEG=@KU?�QSpgOWC<D_?BEGOnT>]
;>=@K�D�?BEGMZ?B\ÆY(pgDsVgD_Y/Q^E)QS;>T>;>O&]WY[~PMZpgKUK�?BM)MGz�¤�ORj<EGD�;>Y[pXM
VgY(;>=@O&Ms;>=ØOn;>HJ?¦�R?¦KUY(=@M);�\X?BD�?B\¥Q^pg;>T>\X;>=�CÐY(pgD�Y[�R=
£}� ¤�acNPHJEG�<;>=@C´?B�|On?B=�M);>jk?ØpgMZ?ØY(~rEGMZ](=�KUL@D_Y[=�Y[pXM
T>Y(C(;>K�N�EG=@\WVg;>VX?$T�;>=@;>=@C¥O&L@?�VgD_Y[K�?$MZM)Y(D�zSbu=ÐD_?BOnD_Y(M)Vg?BKUO
��?¦EGD�?±C<T>EG\ªOnL@EGO���?¦EGj<Y(;>\X?B\­O&L@;>MsOn?BH�VgOnEGO&;>Y(=ÑY(~
KUD_?B?BVg;>=@C�~&?BEGO&pgDF;�M)H±z
Why did we succeed?

bu=@O&?BT>½ M¶M)Y(T>;>\³K�Y[H�HJ;>O&HJ?B=@O�EGM
EG=°;>=@\XpXM)O&DF;>EGT�VgEGD�O&=@?BD�VgD_Y[jk;>\X?B\ÇpgM���;>O&L°EG\Xj<EG=�KU?B\
��¤�£�OnY(Y(T>M)N²HJEG=@pX~&EGKUO&pgD�;>=@C<NGEG=�\t?$=�C(;>=�?$?BD�;>=@C�OnEGT>?B=@O+z
{XL@?B;>D ;>=@On?BD_?BM)O�EG=@\JO&L@?�;>=@O&?BD_?BM)O�Y(~gM)OnpX\X?B=@O&Mo�REGM�L@?BT>\
QS]�E�QSY(T>\tD_?BM)?BEGD_KULPEGC(?B=�\XEGN²D�EGOnL@?BDqO&L@EG=P;>=@KUD_?BHJ?B=@O&EGT
HJ?BEGMZpgD_?$H�?B=@O�z�{XL@?�On?BEGHÌ?B�|Vg?B=@\X?B\�EGM�H�pgKULsO&;>HJ?
Y(=�jkEGT>;>\XEGOn;>Y(=ËEGM�Y(=�\X?BM);�C(=@NtHJ?BOn;>K�pgT>Y(pgMZT>]¸KUD_Y[MZM
KUL�?$K��(;�=@C�O&L@?tHJY[\�?$T�M�EGO�O&L@?t;>=@M)O&DFpgKUO&;>Y(=@N^�S{XúXN^C<EGOn?
EG=@\ËM)��;>O&KUL¸T>?Bj<?BT>û��RDF;>O&;>=@CÈEØK�Y[HJVXD�?BL@?B=@MZ;>j<?WOn?BM)O
M)pX;>On?BûgEG=�\±M);>H�pgT>EGO&;>=@CsL@?BEGj<;>T>]s~&Y(D�M)T>Y(�IVgEGO&L@M)NXL@EG�GA
EGD_\XM)N|EG=@\JDFEGK�?�K�Y[=@\X;�On;>Y(=@MGz ö ?�KUY(HJVgD_Y[H�;>M)?B\JM)Y(HJ?\X;>HJ?B=�M);>Y(=@M�?BEGDFT>]�NÇMZpgKULÎEGM�pgMZ;>=@CüM)O&EG=@\XEGD_\XA&K�?BT>T
D�EGOnL@?BDqO&L@EG=R~upgT>T>A&K�pgM)O&Y(HÈ\X?BMZ;>C(= zc:<;>=@EGT>T>]�N²O&L@?�=@EGO&pgD_?
Y(~PO&L@?�HJEGK�L@;>=@?�;>O&M)?BT>~i��EGMcEGHJ?B=@E)Q^T>?�OnY©QSpX;>T>\X;>=@C
T>EGD_C(?�MZ](MZOn?BH�MGÖ�?B~n~&Y[D�OJ~&Y(KUpgMZ?B\´Y[=ÈOnL�?�M);>=@C<T>?BA&K�L@;>V
QSpX;>T>\X;>=@C�QST>Y(KU���REGMqH�pgT>O&;>VgT>;>?B\}QS]�;>O&M E)QS;>T>;>O&]�OnY�MZKUEGT>?
EG=@\i~uY[D�HæE�T>EGD_C(?�VgEGD�EGT>T>?BT[HJEGK�L@;>=@?<z

A machine that requires new software is a hard sell:{|?BKUL�=@Y[T>Y(C<]¶O&DFEG=@MZ~&?BDl\X?BVg?B=@\XM�HJY[D_?PY[=c?BEGM)?PY(~
;>=@MZ?BDFO&;>Y[=ÌOnL@EG=ÌY[=ËpXOn;>T>;�On]hz���Y[=@K�?BVgOnMÍ~&D_Y[H OnL�?­ÊuA
acEGKUL@;>=@?�=@?BO&��Y(DF�<N ��L@;>K�L©EGD_?�?BEGM)]¦O&Y±;>=@MZ?BDFO&NqL�EGj<?
M)?B?B=iO&L@?lHJY(M)OXpgMZ?(z�{�L@?l~&EGMZOgHJ?BMZM)EGC<?l;>=@On?BD�~&EGK�?$NhMZ](=�A
KUL�D�Y(=@;>�GEGO&;>Y[=�HJ?BKUL@EG=�;>M)HJMZNgEG=@\±mX=@?BA&C<DFEG;>=rEGD_K�L@;>On?BK�A
O&pgD_?ýL@EGjk?´QS?B?B=ºT>EGD_C<?BT>]ü;>C(=�Y[D_?B\¼QS?BK�EGpgM)?çOnL@?B]
D_?B�<pg;>D_?±HJE)Â�Y(DJHJY[\X;�mgKUEGO&;>Y(=@M�O&Y�E°HJ;>KUD_Y(VgD_Y[K�?$MZM)Y(DnN
KUY(HJVgT>?BO&?BT>]¦=@?B�çM)Y(~&On�REGD_?$N Y[D�QSY(O&Lqz@{XL�?�QSEGDFD�;>?BD�OnY
=@?B�¸;>\�?$EGM}D�?BVgD_?BM)?B=@O&?B\tQS]�?B�²;>MZOn;>=�C�MZY[~&O&��EGD_?�;>Ml~uY[D�A
HJ;>\XE)Q^T>?<z
Incidental errors: ö ?PHJEG\X?PEt=@pgH�QS?BDlY(~®?BD�D�Y(DFM�;>=O&L@?REGD�K�L@;>O&?BKUO&pgD_?RY[~®OnL@?Rac£}d¦OnL@EGO��R?$D_?RY(DFO&L@Y[C<Y(=@EGT
O&Y¶OnL@?i;>M)M)pX?BM�Y(~�C(D�EG=@pgT>EGD�;>On]rEG=�\°HJ?BK�L@EG=@;>MZHJMGz({XL@?
HJEGK�L@;>=@?¿L@EG\Î;>=@EG\X?B�<pgEGO&?Ì§XY(EGOn;>=�C(AuVgY[;>=�OÑVg?BDF~uY[D�A
HJEG=@K�?BNXO&Y(Ys~&?B�ËD_?BC(;>MZOn?BD�M)NXEG=�\¦\X;>\°=@Y(O�Y(Vg?BDFEGO&?RO&L@?
Y(=@A&KUL�;>V�HJ?BH�Y[D�]PEGM�E�KUEGKUL�?<z/{XL@?BMZ?}?BDFD_Y(DFM�L@;>=@\X?BD_?B\
Y(pgD�?BjkEGT>pgEGO&;>Y[=cY[~®OnL@?RHJEGK�L@;>=@?REG=@\¦�R?BD�?RE�QSEGD�DF;�?$D
O&Y¶C(?BO&On;�=@CrEGVgVgT>;>K�EGOn;>Y(=@M�VgD_Y(C(D�EGHJHJ?BD�M�OnY¶O&EGD_C(?BO®O&L@?
VgD_Y[O&Y(On]<Vg?©H�EGKUL@;>=@?<z�¤�T>M)Y(NlY(pgDsM)Y(~&O&��EGD_?�\X?$jk?BT>Y(VgA
HJ?B=@OÍ��Y(pgT>\ÉL@EGjk?³QS?B?B=þMZ;>HJVgT>;>mX?B\É;>~Í��?ËL@EG\
?B�²O&?B=@\X?B\ÈEG=³?B�|;>M)O&;>=@C­;>=@M)O&DFpgKUO&;>Y(=³M)?BOPD�EGOnL�?BD¶O&L@EG=
\X?Bj<?BT>Y(Vg;>=@C�E�=@?B�­Y[=@?<z
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KUY(=@MZOnDFpgK�On?B\Ð~&D�Y(H	� ÜFÛ�Û�

�/ÜFÝ �°VgD_Y(KU?BM)MZY[D_A&H�?BHJY(DF]<A&=@?BO&A
��Y(DF�¶KUY(HJVgY(=@?B=@O&M�;>M�?Bjk?B=�HJY[D_?RKUY(HJVg?BT>T>;>=�CsO&Y[\XEG]
O&L@EG=P;�O��REGM®;>=P GÓGÔGÕ@z�¤}M®O&L@?�~uDFEGKUO&;>Y(=PY(~X��Y(DF�<;>=@C�M);>T�;>A
KUY(=�;>=�H�Y[\X?BD�=�HJEGK�L@;>=@?BM�EG=�\¿OnL@?­Vg?BD�~&Y(DFHJEG=�KU?
D_?BOnpgD�=@MJ~&D_Y(HºEGC(C<D�?BMZM);>jk?rM)pXVg?BDFMZKUEGT>EGDP;>H�VgT>?BHJ?B=@O&EGA
O&;>Y[=@MµKUY[=�On;>=�pg?þO&YÏ\X?BKUD_?BEGM)?BNØ?B�²VXT>;>KU;>O&T>]ùVgEGD�EGT>T>?BT
HJEGK�L@;>=@?BM"T�Y[Y(��?Bjk?B=�HJY(D�?�EGO&OnD�EGKUO&;>j<?<z�è�=@~uY[D�OnpX=@EGOn?BT>]�N
M)Y(~&O&��EGD_?�KUY(HJVgEGO&; QS;>T>;>O&]¦D_?BHJEG;>=@MRE¶~&Y(DFH�;>\XE)QST>?�QSEGD�A
D�;>?$D+z
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HJ?BHJY(D�]ÐY(~�E°K�Y[=�j<?B=@O&;>Y[=�EGT�KUY(EGDFM)?BAuC(D�EG;>=WHJEGK�L@;>=@?
KUEG=ÈT>Y[�R?BD�O&L@?cQSEGDFD�;>?BD�Y(~JMZY[~uOn�REGD�?�K�Y[HJVXEGOn; Q^;>T>;>On]hz
ehpgKULRE Þ â Ý � ß â Ü â���� 
 HJEGK�L@;>=@?�KUEG=RDFpg=R?B�|;>M)O&;>=@C�VgD_Y(A
C<DFEGHJM°pg=@K�L@EG=@C<?B\XN�EGT QS?B;>OJ��;>O&LæM)Y(HJ?�;>=@K�D_?$EGMZ?�;>=
KUY(M)O+z²dgD_Y[C<DFEGH�MlKUEG=¶O&L@?B=RQS?�VgEGDFEGT>T>?BT>;>�G?B\c;>=@K�D�?BH�?$=�A
O&EGT>T>]UNkHJY(\X;>~&]<;>=@CtK�DF;>O&;>KUEGTXT>Y(Y[VgM�EG=�\¶�<?BDF=�?$T�M�Y[=@?�EGO^E
O&;>HJ?�O&Y�DFpg=PY[=PO&L@?�mX=@?BA&C<DFEG;>=PK�Y[HJVXpgOn?BD�zUøX]�Y(~�~u?BDF;>=@C
EG=¿;>=@K�D_?$H�?B=@OnEGT�M)Y[~uOn�REGD_?³VgEGO&L@N�MZHJEGDFO¦HJ?BHJY(D�;>?BM
HJEG�<?sVgY[MZM); Q^T>?sOnL@?sO&DFEG=�M);>O&;>Y[=¥~&D_Y[H·K�Y[EGD�M)?BAuC(D�EG;>=@?B\
HJEGK�L@;>=@?BMqQSEGM)?B\rY[=�;>=@M)O&DFpgKUO&;>Y(=@A&T>?Bjk?BTgVgEGD�EGT>T>?BT>;>M)HËOnY
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The Beginnings
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Level 0: Software simulation/emulation.
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Level 1: Shared virtual memory.
{'�U���T���Bj
���Æ����!������


�������ÿ#����¢E���®ú����À�5�ûý��&���FjB��ÿ6������ÿ#����ÿx�G\X\'�����+�;ÿ%�������1�����
ÿ������}�����_\X�������y!$���Ný��lp��&�B\Lÿ��  ��
1�+�������B\  �  ���F]
���B~#�����	�>!$���.ÿ��2����!$���'
'��(����.����\P\'��ÿ%��!$ÿ4������������!$���R���B~#�����
�!��!$���1����� ý6�!��ÿ���ÿB!��������&�x(
�����@p0��������ÿ&]hz
Level 2: Fine-grain shared virtual memory.
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Level 3: Local hardware support.
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Level 4: Remote hardware support.
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Cooperative Shared Memory
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1. This practicecreatedanunnecessaryamountof con-
fusionamongthemeteorologicallychallenged,who
could not tell a Tempest from a Typhoon.
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1. A limited pointer directory maintainspointersto a
fixed numberof cachedcopiesof data.A limited
broadcastdirectorydividesthe processorsinto sets,
and maintainsa pointer to eachset of processors,
sending broadcastinvalidations to the entire set
when needed.

2. During the early Alewife days,the notion of shared
memorywith weaker memorysemanticshadnot yet
beenformally defined.Therefore,we took sequen-
tially consistentsharedmemoryasa given. As dis-
cussedlater, we choseto usecontext switchingasa
way of toleratinglatency. Whenthe weaker models
began to appear in a sequenceof path-breaking
papersfrom USC,Wisconsin,andStanford,wewere
facedwith the choiceof adoptinga weaker model.
At this point,we decidedto supportthesequentially
consistentmemory model since it did not require
compromising the shared memory programming
abstraction,and since our investigations revealed
that theperformanceof weakconsistency wascom-
parable to other forms of latency tolerance.
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5. The nameAlewife itself cameup in 1988during a
discussionwith Knight. Alewife wasa recentlycon-
structedstationon the red line in Boston’s subway
system. Knight’s interconnect project continued
under the name Transit.
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6. Chaiken’s Master’s thesis discussesthe thrashing
problemsandoneof our early solutions.Kubiatow-
icz’sPhDthesiselaborateson thewindow of vulner-
ability and the transaction buffer solution.
Kubiatowicz’s thesisalsocontainsa nicediscussion
of the chip design,implementationand testefforts,
and the futility of chip refabrication in a university.

7. Ken Mackenzieandothersbuilt the Fugusystema
few yearslater to explore the issuesof protection
and virtual memory.
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93

94

90 Sparcle spec

91
CMMU spec
Sparcle nets run first program

Sparcle layout begins

92 CMMU nets execute "Hello World"
Sparcle chips return

CMMU base wafer tapeout

CMMU metal layout begins
CMMU chips (3) return
Alewife at 32 MHz (2 nodes)
9 CMMU chips arrive
8−node Alewife runs Water
10 CMMU chips arrive
16−node Alewife runs
40 CMMU chips arrive

May 4
May 8

May 17

June 17

70 assembled boards ~Nov 4
32−node Alewife ~Nov 8
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8. One might be temptedto speculatethat many of
theseapplicationsweredevelopedfor DASH or Ale-
wife, both cache-basedmachines,and therefore
coded in a cache-friendly style.

9. Bianchini and Lim evaluatedcontext switching on
Alewife and publishedtheir findings in the August
1996 issueof JPDC.They concludethat “prefetch-
ing is preferableover multithreadingfor machines
with low remoteaccesslatenciesand/orapplications
with poor locality and consequentlyshort run-
lengths.Theperformanceof bothtechniquesis com-
parable for applicationswith high remote access
latenciesand/orgoodlocality.” They alsoarguethat
context switching has addedvalue in microkernel
environments.
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