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FirstSearch: Libraries that Own Item
firstsearch.oclc.org/WebZ/FSFETCH

English
 | 
Español
 | 
Français
 | 
 
 | 
 
 | 
 
 | 
 
 | 

LOS ANGELES PUB LIBR

Libraries that Own Item |  California State Library 

This screen shows libraries that own the item you selected.

Home Databases Searching Results Staff View
 | 
My Account
 | 
Options
 | 
Comments
 | 
Exit
 | 
Hide tips

 
E-mail

 
Print

 
Return

 
Help

Current database: WorldCat Total Libraries: 205

Title: Field-programmable gate arrays
Author: Brown, Stephen D
Accession Number:
25675383

All Libraries that Own Item: "Field-programmable gate a..."( Record for Item |
Get This Item )

Location               Library                                       Local Holdings         
Shared Print Commitment                Code     

https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=default:entityholdingsortpage=all:entitylibrarycount=205::entitydisplaymyglimit=Libraries%20worldwide:entitydynamicyear=::sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=5:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
https://firstsearch.oclc.org/WebZ/FSPrefs?language=en:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=es:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=fr:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=ar:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=ja:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=ko:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=zh:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPrefs?language=zs:pagename=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://www.library.ca.gov/
https://firstsearch.oclc.org/WebZ/FSPage?pagename=home:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?pagename=alldbs:entityqsquery=:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?pagename=advanced:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=fullrecord:next=html/record.html:bad=error/badfetch.html:resultset=1:format=FI:recno=1:numrecs=1:entitylibrarycount=205:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?pagename=stafflogin:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:entityloginto=holdings
https://firstsearch.oclc.org/WebZ/FSSaveSearchFrom?saveViewFromPage=general:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?pagename=prefs:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
javascript:popup('Comments')
https://firstsearch.oclc.org/WebZ/FSLOGOFF?logoffmethod=user:next=html/login_en.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:pagename=holdings:entitycurrecno=1:entityhidetopbox=true
https://firstsearch.oclc.org/WebZ/FSPage?pagename=email:entityemailresultset=1:entityemailnumrecs=1:entityemailrecno=1:entityemailpageprev=holdings:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSPage?pagename=holdings:pagetype=print:entityprinting=true:entitycurrecno=1:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?next=html/record.html:bad=html/record.html:fetchtype=searchresults:resultset=1:numrecs=1:recno=1:format=FI:entityemailill=false:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
javascript:popup('help')
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=state:entityholdingsortpage=all:holdinglimittype=none:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=instname:entityholdingsortpage=all:holdinglimittype=none:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=localdata:entityholdingsortpage=all:holdinglimittype=none:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=spcommitment:entityholdingsortpage=all:holdinglimittype=none:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdingsall:holdingsorttype=instsym:entityholdingsortpage=all:holdinglimittype=none:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0:recno=1:resultset=1:format=FA:next=html/holdings.html:bad=error/badfetch.html::entitytoprecno=1:entitycurrecno=1:numrecs=1
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  US,CA                ALIBRIS                                                             
ALBRS   

  US,CA                AMDAHL CORP LIBR                                                    
AMD     

  US,CA                CALIFORNIA INST OF TECH                                             
CIT     

  US,CA                CALIFORNIA STATE UNIV FRESNO                                        
CFS     

  US,CA                CALIFORNIA STATE UNIV NORTHRIDGE                                    
CNO     

  US,CA                LOYOLA MARYMOUNT UNIV LIBR                    Local Holdings 
Availa...  Committed to Retain                    LML     

  US,CA                NAVAL POSTGRADUATE SCH                                              
AD#     

  US,CA                SPACE & NAVAL WARFARE SYST CTR                                      
CNS     

  US,CA                STANFORD UNIV LIBR                                                  
STF     

  US,CA                UNIV OF CALIFORNIA BERKELEY LIBR                                    
CUY     

  US,CA                UNIV OF CALIFORNIA IRVINE SANDBOX                                   
SBCUI   

  US,CA                UNIV OF CALIFORNIA, IRVINE                                          
CUI     

  US,CA                UNIV OF CALIFORNIA, N REG LIBR                                      
ZAP     

  US,CA                UNIV OF CALIFORNIA, RIVERSIDE                                       
CRU     

  US,CA                UNIV OF CALIFORNIA, SAN DIEGO                                       
CUS     

  US,CA                UNIV OF CALIFORNIA, SANTA CRUZ                                      
CUZ     

  US,CA                UNIV OF SOUTHERN CALIFORNIA                                         
CSL     


  US,AL                AUBURN UNIV                                                         
AAA     

  US,AL                UNIV OF ALABAMA                                                     
ALM     


  US,AR                UNIV OF ARKANSAS MULLINS                                            
AFU     


  US,AZ                ARIZONA STATE UNIV TEMPE                                            
AZS     


  US,CO                COLORADO STATE UNIV FT COLLINS                                      
COF     


  US,CT                UNIV OF CONNECTICUT                           Local Holdings 
Availa...  Committed to Retain                    UCW     


  US,DC                GALLAUDET UNIV LIBR                                                 
GQG     

  US,DC                GEORGE WASHINGTON UNIV                                              
DGW     

  US,DC                LIBRARY OF CONGRESS                                                 
DLC     

  US,DC                NATIONAL INTELLIGENCE UNIV                                          
DIA     


http://caltech.tind.io/search?ln=en&p=25675383
http://iii.lib.csufresno.edu/search?/o25675383
http://suncat.csun.edu/search/o25675383
http://linus.lmu.edu/search/o25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2780-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2780-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://libsearch.nps.edu/vufind/Search/Results?type=ISN&search=catalog+ISN&submit=Find&lookfor=0792392485
http://searchworks.stanford.edu/?search_field=advanced&number=25675383
https://search.library.berkeley.edu/discovery/search?vid=01UCS_BER:UCB&lang=en&tab=Everything&offset=0&search_scope=MyInstitution&query=any,contains,25675383
https://uci.primo.exlibrisgroup.com/discovery/search?tab=LibraryCatalog&search_scope=MyInstitution&sortby=rank&vid=01CDL_IRV_INST:UCI&query=any,contains,25675383
https://ucr.primo.exlibrisgroup.com/discovery/search?tab=Everything&search_scope=MyInst_and_CI&sortby=rank&vid=01CDL_RIV_INST:UCR&mode=advanced&offset=0&query=lds03,contains,25675383
https://ucsc.primo.exlibrisgroup.com/discovery/search?tab=LibraryCatalog&search_scope=MyInstitution&sortby=rank&vid=01CDL_SCR_INST:USCS&query=isbn,contains,0792392485
https://uosc.primo.exlibrisgroup.com/discovery/search?vid=01USC_INST:01USC&sortby=rank&lang=en&query=any,contains,25675383
https://catalog.lib.auburn.edu/vufind/Search/Results?type=ISN&lookfor=0792392485
http://library.ua.edu/vwebv/search?searchCode1=ISBN&searchType=2&argType1=any&searchArg1=0792392485
https://uark.primo.exlibrisgroup.com/discovery/openurl?institution=01UARK_INST&vid=01UARK_INST:01UARK&ctx_ver=Z39.88-2004&rft.genre=book&rft.isbn=0792392485
https://search.lib.asu.edu/primo-explore/search?tab=books&search_scope=default_scope&sortby=rank&vid=01ASU&lang=en_US&mode=advanced&offset=0&query=any,contains,25675383
http://lib.colostate.edu/
http://search.lib.uconn.edu/primo_library/libweb/action/dlSearch.do?institution=01UCT_STORRS&vid=01UCT&group=GUEST&displayMode=full&search_scope=01UCT_ALMA&query=lsr05,contains,25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=113-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=113-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://wrlc-gal.primo.exlibrisgroup.com/discovery/openurl?institution=01WRLC_GAL&vid=01WRLC_GAL:01WRLC_GAL&rft.oclcnum={rft.oclcnum}ocm25675383
https://wrlc-gwu.primo.exlibrisgroup.com/discovery/openurl?institution=01WRLC_GWA&vid=01WRLC_GWA:live&isbn=0792392485
http://catalog.loc.gov/vwebv/search?searchCode=STNO&searchType=1&recCount=25&searchArg=0792392485


3/12

  US,DC                NAVAL RES LAB                                                       
NRL     


  US,FL                UNIV OF S FLORIDA LIBR                                              
FHM     


  US,GA                GEORGIA INST OF TECHNOL MAIN CAM LIBR                               
GAT     


  US,HI                UNIV OF HAWAII AT MANOA LIBR                                        
HUH     


  US,IA                IOWA STATE UNIV                                                     
IWA     


  US,ID                UNIV OF IDAHO LIBR                                                  
NTD     


  US,IL                NORTHERN ILLINOIS UNIV                                              
JNA     

  US,IL                UNIV OF ILLINOIS                                                    
UIU     

  US,IL                UNIV OF ILLINOIS, CHICAGO                                           
IAY     


  US,IN                PURDUE UNIV NORTHWEST-HAMMOND CAM                                   
IPC     

  US,IN                THOMSON CONSUMER ELECTRONICS, INC                                   
IMJ     

  US,IN                UNIV OF NOTRE DAME                                                  
IND     


  US,KS                KANSAS STATE UNIV                                                   
KKS     


  US,KY                UNIV OF LOUISVILLE                            Local Holdings 
Availa...                                         KLG     


  US,MA                BOSTON COL                                    Local Holdings 
Availa...  Committed to Retain                    BXM     

  US,MA                HARVARD UNIV                                  Local Holdings 
Availa...                                         HUL     

  US,MA                MASSACHUSETTS INST OF TECH, LINCOLN LAB                             
LIN     

  US,MA                MASSACHUSETTS INST OF TECHNOL LIBRS                                 
MYG     

  US,MA                UNIV OF MASSACHUSETTS AMHERST                 Local Holdings 
Availa...  Committed to Retain                    AUM     

  US,MA                WORCESTER POLYTECHNIC INST                                          
WPG     


  US,MD                FROSTBURG STATE UNIV LIBR                     Local Holdings 
Availa...  Committed to Retain                    MFS     

  US,MD                NASA GODDARD SPACE FLIGHT CTR LIBR                                  

http://stilas.nrl.navy.mil/uhtbin/cgisirsi/2xlvRclaJc/BOOKS_AV/269660044/60/502/X
http://sf.aleph.fcla.edu/F?func=find-c&ccl_term=OCL%3D25675383
https://gatech-primo.hosted.exlibrisgroup.com/primo-explore/search?vid=01GALI_GIT&lang=en_US&offset=0&query=any,contains,25675383
https://uhawaii-manoa.primo.exlibrisgroup.com/discovery/search?vid=01UHAWAII_MANOA:MANOA&tab=LibraryCatalog&search_scope=MyInstitution&query=isbn,contains,0792392485
https://quicksearch.lib.iastate.edu/discovery/search?vid=01IASU_INST:01IASU&mode=advanced&tab=Everything&query=any,contains,25675383
https://alliance-uidaho.primo.exlibrisgroup.com/discovery/search?vid=01ALLIANCE_UID:UID&sortby=rank&lang=en&query=any,contains,25675383
https://i-share-niu.primo.exlibrisgroup.com/discovery/search?vid=01CARLI_NIU:FML_DEFAULT
https://i-share-uiu.primo.exlibrisgroup.com/discovery/search?queryString=no:&tab=LibraryCatalog&vid=01CARLI_UIU:CARLI_UIU&query=any,contains,ocm25675383
https://i-share-uic.primo.exlibrisgroup.com/discovery/search?vid=01CARLI_UIC:CARLI_UIC&sortby=rank&lang=en&query=any,contains,25675383
https://pnw.primo.exlibrisgroup.com/discovery/search?vid=01PURDUE_PUCL:PNW&tab=Everything&search_scope=MyInst_and_CI&query=any,contains,25675383
https://onesearch.library.nd.edu/primo-explore/search?tab=nd_campus&search_scope=nd_campus&vid=NDU&lang=en_US&offset=0&query=any,contains,ocm25675383
https://k-state-primo.hosted.exlibrisgroup.com/primo-explore/search?&tab=default_tab&search_scope=Entire_Library_Collection&vid=NewUI&offset=0&query=any,contains,0792392485
https://uofl.on.worldcat.org/search?queryString=25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=440-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://bclib.bc.edu/libsearch/bc/keyword/25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=123-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=123-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://hollis.harvard.edu/primo-explore/search?tab=books&search_scope=default_scope&vid=HVD2&query=lsr02,contains,25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1149-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://library.mit.edu/F/?func=find-b&find_code=OCA&request=25675383
http://fcaw.library.umass.edu:8991/F/?func=find-c&local_base=FCL01UMA&ccl_term=OCL%3D25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2066-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2066-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://wpi.primo.exlibrisgroup.com/discovery/search?vid=01WPI_INST:Default&sortby=rank&lang=en&query=any,contains,25675383
http://catalog.umd.edu/F/?func=scan&scan_code=020&scan_start=0792392485
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2009-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2009-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
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NAG     

  US,MD                NATIONAL INST OF STANDARDS & TECH                                   
NBS     

  US,MD                NATIONAL SECURITY AG                                                
NSA     

  US,MD                UNIV OF MARYLAND, COL PARK                    Local Holdings 
Availa...                                         UMC     


  US,MI                MICHIGAN STATE UNIV                                                 
EEM     

  US,MI                UNIV OF MICHIGAN LIBR                                               
EYM     


  US,MN                ST CLOUD TECH & COM COLL                                            
WEH     

  US,MN                UNIV OF MINNESOTA, MINNEAPOLIS                                      
MNU     


  US,MO                LINDA HALL LIBR                                                     
LHL     


  US,MT                MONTANA STATE UNIV, MSU LIBR                                        
MZF     


  US,NC                BAKER & TAYLOR INC TECH SERV & PROD DEV                             
BTCTA   

  US,NC                DUKE UNIV LIBR                                                      
NDD     

  US,NC                NORTH CAROLINA A&T STATE UNIV                 Local Holdings 
Availa...                                         NQA     

  US,NC                UNIV OF N CAROLINA, CHAPEL HILL                                     
NOC     

  US,NC                UNIV OF N CAROLINA, WILMINGTON                                      
NXW     


  US,ND                UNIV OF N DAKOTA                                                    
UND     


  US,NE                UNIV OF NEBRASKA AT LINCOLN                                         
LDL     


  US,NH                GOBI LIBR SERVS                                                     
YDX     


  US,NJ                NEW JERSEY INST OF TECH                                             
NJI     

  US,NJ                NOKIA                                                               
BTL     

  US,NJ                RUTGERS UNIV                                                        
NJR     


  US,NM                NEW MEXICO INST OF MINING & TECHNOL LIBR      Local Holdings 
Availa...                                         NMT     

  US,NM                UNIV OF NEW MEXICO                            Local Holdings 
Availa...                                         IQU     


http://library.nist.gov/uhtbin/cgisirsi/x/0/0/5/?searchdata1=ocm25675383
http://catalog.umd.edu/F?func=find-b&local_base=gl&find_code=035&request=ocm25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2071-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://search.ebscohost.com/login.aspx?authtype=ip,guest&custid=s8364774&groupid=main&profile=eds&direct=true&site=eds-live&bquery=0792392485
https://search.lib.umich.edu/catalog?&library=All+libraries&query=isn%3A25675383
http://sctc.mnpals.net/F/?func=find-b&file_name=basic&find_code=sysno&request=25675383
https://primo.lib.umn.edu/primo-explore/search?institution=TWINCITIES&vid=TWINCITIES&search_scope=default_scope&indx=1&dym=true&highlight=true&lang=en_US&query=any,exact,25675383
http://catalog.lindahall.org/primo_library/libweb/action/search.do?vid=LHL&mode=Advanced&tab=books_more&fn=search&indx=1&vl%2811203472UI0%29=isbn&vl%281UIStartWith0%29=contains&vl%28freeText0%29=0792392485
https://trails-msu.primo.exlibrisgroup.com/discovery/search?vid=01TRAILS_MSU:01TRAILS_MSU&lang=en&query=isbn,exact,0792392485
https://find.library.duke.edu/?utf8=%E2%9C%93&search_field=oclc&q=25675383
http://library.ncat.edu/search~b1o1c1i1a1/o25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=343-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://catalog.lib.unc.edu/?utf8=%E2%9C%93&search_field=all_fields&q=25675383
http://libcat.uncw.edu/search/o?SEARCH=25675383
https://unl.primo.exlibrisgroup.com/discovery/search?tab=LibraryCatalog&search_scope=MyInstitution&vid=01UON_LINC:UNL&&mode=basic&query=any,contains,25675383
https://rutgers.primo.exlibrisgroup.com/discovery/search?vid=01RUT_INST:01RUT&lang=en&sortby=rank&query=any,contains,ocm25675383
https://nmt.worldcat.org/search?q=no25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1965-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://unm.on.worldcat.org/search?queryString=no:25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=208-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
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  US,NV                UNIV OF NEVADA LAS VEGAS                                            
UNL     

  US,NV                UNIV OF NEVADA RENO                                                 
NNY     


  US,NY                COLUMBIA UNIV IN THE CITY OF NEW YORK                               
ZCU     

  US,NY                CUNY CENT OFF                                                       
ZCY     

  US,NY                CUNY THE GRAD CTR LIBR                                              
ZGM     

  US,NY                IBM TJ WATSON RES CTR LIBR                                          
XIB     

  US,NY                NEW YORK PUB LIBR                                                   
NYP     

  US,NY                RENSSELAER POLYTECHNIC INST                   Local Holdings 
Availa...                                         YRM     

  US,NY                SUNY AT BINGHAMTON                                                  
BNG     

  US,NY                SYRACUSE UNIV                                                       
SYB     

  US,NY                UNIV OF ROCHESTER                             Local Holdings 
Availa...  Committed to Retain                    RRR     

  US,NY                US AIR FORCE RES LAB/AFRL                                           
VYR     


  US,OH                AF RESEARCH LAB LIBR                                                
SCW     

  US,OH                BAKER & TAYLOR                                                      
BAKER   

  US,OH                NEWELL LIBR WMS IMP TEST                      Local Holdings 
Availa...  Committed to Retain                    NEWEL   

  US,OH                OHIO WESLEYAN UNIV                                                  
OWU     

  US,OH                UNIV OF AKRON                                                       
AKR     

  US,OH                UNIV OF CINCINNATI                                                  
CIN     


  US,OR                OREGON INST OF TECHNOL LIBR                                         
OIT     

  US,OR                OREGON STATE UNIV CORVALLIS                                         
ORE     


  US,PA                BRODART BOOKS & LIBR SERVS                                          
BDX     

  US,PA                BUCKNELL UNIV                                 Local holdings 
availa...                                         PBU     

  US,PA                LAFAYETTE COL                                 Local Holdings 
Availa...  Committed to Retain                    LAF     

  US,PA                PENNSYLVANIA STATE UNIV                                             
UPM     

  US,PA                UNIV OF PENNSYLVANIA                                                
PAU     

  US,PA                UNIV OF PITTSBURGH                                                  
PIT     


  US,TN                TENNESSEE TECHNOLOGICAL UNIV                                        
TTU     


http://webpac.library.unlv.edu/search~S1/o25675383
http://innopac.library.unr.edu/search/o?ocm25675383
http://clio.columbia.edu/catalog?search_field=all_fields&q=ocm25675383
https://cuny-network.primo.exlibrisgroup.com/discovery/search?vid=01CUNY_NETWORK:CUNY_NETWORK&query=any,contains,25675383
https://cuny-gc.primo.exlibrisgroup.com/discovery/search?vid=01CUNY_GC:CUNY_GC&tab=Everything&search_scope=IZ_CI_AW&query=any,contains,25675383
http://catalog.nypl.org/search/o25675383
http://opac.lib.rpi.edu/search/o?SEARCH=25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=250-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://suny-bin.primo.exlibrisgroup.com/discovery/search?vid=01SUNY_BIN:01SUNY_BIN&sortby=rank&mode=advanced&lang=en_US&query=isbn,exact,0792392485
https://catalog.syr.edu/vwebv/search?searchCode1=OCLC&argType1=any&recCount=10&searchType=2&page.search.search.button=Search&searchArg1=25675383
https://rochester.primo.exlibrisgroup.com/discovery/search?vid=01ROCH_INST:UR01&sortby=rank&lang=en&query=any,contains,25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=112-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=112-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://elibweb89.eosintl.com/W95020/OPAC/resolve.link?isbn=0792392485
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=67645-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=67645-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://consort.library.denison.edu/search~S3/o25675383
http://library.uakron.edu/search/o25675383
http://uclid.uc.edu/search/o25675383
https://alliance-oit.primo.exlibrisgroup.com/discovery/search?vid=01ALLIANCE_OIT:OIT&tab=All&search_scope=All&query=any,contains,ocm25675383
https://search.library.oregonstate.edu/discovery/search?vid=01ALLIANCE_OSU:OSU&sortby=rank&offset=0&query=lds52,contains,25675383
http://bucknell.worldcat.org/search?q=no:25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=754-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://libcat.lafayette.edu/Search/Results?type=ctrlnum&lookfor=25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1286-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1286-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://catalog.libraries.psu.edu/catalog?utf8=%E2%9C%93&op=AND&search_field=advanced&commit=Search&identifiers=25675383
https://franklin.library.upenn.edu/catalog?search_field=isxn_search&q=0792392485
http://pitt.summon.serialssolutions.com/#!/search?ho=t&l=en&q=OCLC:25675383
https://tntec-primo.hosted.exlibrisgroup.com/primo-explore/search?vid=01TNTECH_default&lang=en_US
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  US,TX                LAMAR UNIV                                                          
TXR     

  US,TX                NASA, JOHNSON SPACE CTR                                             
NAJ     

  US,TX                RICE UNIV, FONDREN LIBR                                             
RCE     

  US,TX                TEXAS A&M UNIV                                                      
TXA     

  US,TX                TEXAS A&M UNIV JOINT LIBR STORAGE FAC                               
TXJLF   

  US,TX                TEXAS INSTRUMENTS INC                                               
TIM     

  US,TX                UNIV OF HOUSTON                                                     
TXH     

  US,TX                UNIV OF HOUSTON, CLEAR LAKE                                         
UHC     

  US,TX                UNIV OF TEXAS AT ARLINGTON                                          
IUA     


  US,UT                UTAH STATE UNIV                                                     
UUS     


  US,VA                GEORGE MASON UNIV                                                   
VGM     

  US,VA                NASA, LANGLEY RES CTR                                               
NAT     

  US,VA                OLD DOMINION UNIV                                                   
VOD     

  US,VA                TASC LIBR RESTON                                                    
TAK     

  US,VA                VIRGINIA TECH                                 Local Holdings 
Availa...                                         VPI     


  US,WA                SEATTLE UNIV                                                        
WSE     

  US,WA                UNIV OF WASHINGTON LIBR                                             
WAU     


  US,WI                MARQUETTE UNIV                                                      
GZQ     


  US,WY                UNIV OF WYOMING LIBR                                                
WYU     


  Australia            AUSTRALIAN DEFENCE FORCE ACAD LIBR                                  
ADM     

  Australia            AUSTRALIAN NAT UNIV                                                 
ANV     

  Australia            CURTIN UNIV OF TECH                                                 
LC0     

  Australia            UNIV OF NEW S WALES                                                 
LJ1     

  Australia            UNIV OF WOLLONGONG                                                  
LP1     


  Brazil               UNIV OF SAO PAULO, SIBI                                             
UBA     


http://graycat.lamar.edu/uhtbin/cgisirsi.exe/x/0/0/57/5/?user_id=LUOPAC_PRO&password=2257&searchdata1=25675383
https://onesearch.library.rice.edu/discovery/search?vid=01RICE_INST:RICE&sortby=rank&lang=en_US&query=any,contains,25675383
https://catalog.library.tamu.edu/Search/Results?type=ISN&lookfor=0792392485
https://uh.primo.exlibrisgroup.com/discovery/search?&tab=LibraryCatalog&search_scope=UH_PHYSICAL_HOLDINGS&sortby=rank&vid=01UHO_INST:UHMAIN&lang=en&mode=basic&query=any,contains,25675383
https://uh.primo.exlibrisgroup.com/discovery/search?vid=01UHO_INST:CLAKE&sortby=rank&lang=en_US%20&query=any,contains,25675383
https://uta.summon.serialssolutions.com/#!/search?ho=t&l=en&q=OCLC:25675383
https://libcat.lib.usu.edu/
http://library.gmu.edu/phpzone/WorldCat2Mason.php?OCLC=25675383
http://nasagalaxie.larc.nasa.gov/uhtbin/cgisirsi/0/0/0/60/163/X?user_id=LANGLEY
https://odu-primo.hosted.exlibrisgroup.com/openurl/01ODU/01ODU_SERVICES?rft.oclcnum=25675383
https://catalog.lib.vt.edu/cgi-bin/koha/opac-search.pl?idx=&q=ocm25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1752-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
https://primo.seattleu.edu/discovery/search?vid=01ALLIANCE_SEAU:SUP5&tab=Art_SEAU_Sum&search_scope=IZ_NZPhys_CI&sortby=rank&offset=0&query=lds52,contains,25675383
https://orbiscascade-washington.primo.exlibrisgroup.com/discovery/search?vid=01ALLIANCE_UW:UW&sortby=rank&lang=en&query=any,contains,25675383
http://libus.csd.mu.edu/search/o?SEARCH=25675383
https://uwcatalog.uwyo.edu/search/a?searchtype=i&searchscope=1&searcharg=0792392485
http://www.catalogue.adfa.edu.au/cgi-bin/Pwebrecon.cgi?DB=local&CNT=25&HIST=1&BOOL1=as+a+phrase&FLD1=ISBN+(ISBN)&SAB1=0792392485
http://library.anu.edu.au/search/i0792392485
http://opac.lis.curtin.edu.au/F/?func=find-a&find_code=SNS&request=0792392485
http://lrd.library.unsw.edu.au/F/?func=find-b&find_code=ISBN&request=0792392485
http://library.uow.edu.au/search/i?SEARCH=0792392485
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  CA,AB                UNIV OF ALBERTA                                                     
UAB     

  CA,AB                UNIV OF CALGARY LIBR                                                
UAU     

  CA,AB                UNIV OF LETHBRIDGE                                                  
CN4UL   


  CA,BC                SIMON FRASER UNIV                                                   
SFB     

  CA,BC                UNIV OF BRITISH COLUMBIA LIBR                                       
UBC     

  CA,BC                UNIV OF VICTORIA LIBRS                                              
VT2     


  CA,NB                UNIV OF NEW BRUNSWICK                         Local holdings 
availa...                                         UNBCA   


  CA,NL                MEMORIAL UNIV/NEWFOUNDLAND, ELIZABETH II      Local holdings 
availa...                                         QE2     


  CA,ON                CARLETON UNIV                                                       
CEF     

  CA,ON                NATIONAL SCI LIBRARY/BIBLIO SCI NAT                                 
CAI     

  CA,ON                QUEENS UNIV LIBR                                                    
Q2U     

  CA,ON                TORONTO METROP UNIV                                                 
RRP     

  CA,ON                UNIV OF GUELPH                                                      
U3G     

  CA,ON                UNIV OF TORONTO ENG & COMP LIBR                                     
CNECS   

  CA,ON                UNIV OF TORONTO GROUP                                               
CNUTO   

  CA,ON                UNIV OF WATERLOO LIBR                                               
UWW     


  CA,QC                CONCORDIA UNIV LIBR                           Local Holdings 
Availa...                                         CDN     


  CA,SK                UNIV OF REGINA                                                      
REB     


  China                NATIONAL LIBR OF CHINA (BNJ)                                        
N5L     

  China                SHANGHAI LIBR                                                       
SLY     


  France               BIBLIOTHEQUE DE L'UNIV DE RENNES I                                  
ZU2     

  France               BIBLIOTHEQUE UNIVERSITAIRE DE METZ                                  
ERM     


  Germany              BERUFSADADEMIE MOSBACH                                              
DESMS   

  Germany              BIBLIOTHEK DER FACHHOCHSCHULE FRANKFURT                             

http://ualweb.library.ualberta.ca/uhtbin/cgisirsi/x/0/0/57/5?user_id=WUAARCHIVE&searchdata1=0792392485
https://ucalgary.primo.exlibrisgroup.com/discovery/search?tab=QuickSearch&search_scope=EVERYTHING&vid=01UCALG_INST:UCALGARY&query=any,contains,25675383
http://www.uleth.ca/lib/
http://troy.lib.sfu.ca/search/i0792392485
http://webcat.library.ubc.ca/vwebv/search?searchCode1=ISSA&searchType=2&searchArg1=0792392485
http://voyager.library.uvic.ca/vwebv/search?searchCode1=ISBN&searchType=2&argType1=any&searchArg1=0792392485
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=66413-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://www.library.mun.ca/
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=15985-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://catalogue.library.carleton.ca/search/i0792392485
http://cat.cisti-icist.nrc-cnrc.gc.ca/search/i0792392485
https://ocul-qu.primo.exlibrisgroup.com/discovery/search?vid=01OCUL_QU:QU_DEFAULT&lang=en&query=isbn,contains,0792392485
http://catalogue.library.ryerson.ca/search/i?SEARCH=0792392485
https://ocul-gue.primo.exlibrisgroup.com/discovery/search?tab=Everything&search_scope=MyInst_and_CI&vid=01OCUL_GUE:GUELPH&mode=basic&query=any,contains,25675383
http://search.library.utoronto.ca/UTL/index?N=0&Nr=p_oclc_id:25675383
https://concordiauniversity.on.worldcat.org/search?databaseList=283%2C638&queryString=no%3A25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=15304-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://ipac.library.sh.cn/ipac20/ipac.jsp?menu=search&aspect=basic_search&npp=10&ipp=20&profile=sl&ri=&index=ISBN&term=0792392485
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DEBFF   

  Germany              BIBLIOTHEK DER TECHNISCHEN UNIVERSITAT                              
TUB     

  Germany              FACHHOCHSCHULE WESTKUSTE                                            
DEFAC   

  Germany              HOCHSCHULE ULM BIBLIOTHEK                                           
DEULM   

  Germany              SACHSISCHE LANDESBIBLIOTHEK                                         
DEDDS   

  Germany              STAATS & UNIVERSITATSBIBLIOTHEK HAMBURG                             
H6U     

  Germany              STAATSBIBLIOTHEK ZU BERLIN                                          
S5B     

  Germany              TECHNISCHE UNIVERSITAT HAMBURG-HARBURG                              
H9H     

  Germany              TECHNISCHEN UNIVERSITAT MUNCHEN                                     
DETUM   

  Germany              ULB SACHSEN ANHALT ZENTRALE                                         
DEULB   

  Germany              UNIV BIBL JOHANN CHRISTIAN SENCKENBERG                              
UF#     

  Germany              UNIV HANNOVER & TIB                                                 
UB#     

  Germany              UNIV HILDESHEIM                                                     
DEUBH   

  Germany              UNIV KARLSRUHE                                                      
DEKAB   

  Germany              UNIV OF MANNHEIM                                                    
DU#     

  Germany              UNIVERSITÃ„TSBIBLIOTHEK ERLANGEN-NÃœRNBERG                          
DEUEN   

  Germany              UNIVERSITÃ„TSBIBLIOTHEK PASSAU                                      
P2$     

  Germany              UNIVERSITATS- UND LANDESBIBLIOTHEK DARM                             
DEULD   

  Germany              UNIVERSITATSBIBLIOTHEK CHEMNITZ                                     
T7C     

  Germany              UNIVERSITATSBIBLIOTHEK KIEL                                         
DEUKZ   

  Germany              UNIVERSITATSBIBLIOTHEK OLDENBURG IBIT                               
DEIBT   

  Germany              UNIVERSITATSBIBLIOTHEK POTSDAM                                      
DEPOT   

  Germany              UNIVERSITATSBIBLIOTHEK WURZBURG                                     
G9W     


  Greece               ARISTOTLE UNIV OF THESSALONIKI                                      
AUH     


  Hong Kong            HONG KONG UNIV OF SCI & TECH, THE                                   
HNK     


  Ireland              UNIV COL, CORK                                                      
ERN     


  Israel               HEBREW UNIV                                                         
IL4I4   


  Japan                NIPPON BUNRI UNIV LIBR                                              
KNA     

  Japan                TOKYO UNIV OF TECHNOL                                               

http://dienste.slub-dresden.de/cgi-bin/opacsuche/opac.pl?search_aspect=i&search_string=0792392485
http://opac.bibliothek.tu-chemnitz.de/cgi-bin/nph-mgwcgi?ACTION=SEARCH&USE_1=i&TERM_1=0792392485
http://nebula.lib.auth.gr/ipac20/ipac.jsp?menu=search&aspect=subtab25&npp=10&ipp=20&spp=20&profile=b1&ri=1&source=%7E%21auth_library&index=ISBNEX&term=0792392485
http://ustlib.ust.hk/search/o?SEARCH=25675383
http://library.ucc.ie/search/i0792392485
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JPTUT   

  Japan                TOYAMA PREFECTURAL UNIV LIBR                                        
TUY     


  Lebanon              UNIV OF BALAMAND                                                    
LEATE   


  Malaysia             UNIVERSITI SAINS MALAYSIA                                           
MYUSM   


  Mexico               INSTITUTO TECNOLOGICO Y DE ESTUDIOS SUP                             
I8M     


  Netherlands          TECHNISCHE UNIVERSITEIT EINDHOVEN             Local Holdings 
Availa...                                         NETUE   


  New Zealand          MASSEY UNIV LIBR                                                    
UW1     

  New Zealand          UNIV OF AUCKLAND LIBR                                               
UV0     


  Philippines          DE LA SALLE UNIV MANILA                                             
PHDLS   


  Qatar                QATAR UNIV                                                          
QAQUL   


  Singapore            NANYANG TECHNOLOGICAL UNIV                                          
SINTU   

  Singapore            TEMASEK POLYTECHNIC LIBRARY                                         
SITPL   

  Singapore            UNSW ASIA LIBR SVC                                                  
SIUAL   


  South Africa         CSIR INFO SERVS 2860                          Local Holdings 
Availa...                                         Y9N     

  South Africa         UNISA MUCKLENEUK MAIN CAM 2570                                      
OL$     

  South Africa         UNIV STELLENBOSCH-ENG & FORESTRY LIBR 8                             
Z#U     

  South Africa         VAAL UNIV OF TECHNOL-GOLDFIELDS LIBR 31                             
OH@     

  South Africa         WALTER SISULU UNIV BUTTERWORTH CAM W009                             
V7V     


  Taiwan               CHANG GUNG UNIV                                                     
CH4GT   

  Taiwan               NATIONAL CHENG KUNG UNIV                                            
CKT     


  Thailand             KASETSART UNIV LIBR                                                 
KASET   


http://millenium.itesm.mx/search*spi/o25675383
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=62458-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://ezproxy.massey.ac.nz/login?url=http://search.ebscohost.com/login.aspx?CustID={s3027306}&direct=true&bquery=0792392485
http://voyager.auckland.ac.nz/cgi-bin/Pwebrecon.cgi?DB=local&BOOL1=as+a+phrase&FLD1=ISBN+%28ISBN%29&CNT=20&SAB1=0792392485
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=28147-25675383:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap06pxm1-1680-lerwyvxm-e0ipqa:entitypagenum=6:0
http://oasis.unisa.ac.za/search/?searchscope=1&searchtype=o&searcharg=25675383
http://196.21.64.97/search/o?SEARCH=25675383
http://echea.ru.ac.za/search~S6/o25675383
http://webpac.lib.ncku.edu.tw/
http://intanin.lib.ku.ac.th/
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  Turkey               BILKENT UNIV LIBR                                                   
B9K     


  United Kingdom       BRITISH LIBR                                                        
UKM     

  United Kingdom       BRITISH LIBR                                                        
BRI     

  United Kingdom       BRITISH LIBR REFERENCE COLLECTIONS                                  
BLSTP   

  United Kingdom       CARDIFF UNIV                                                        
RDF     

  United Kingdom       UNIV OF ABERDEEN                                                    
ADU     

  United Kingdom       UNIV OF ESSEX                                                       
EUE     

  United Kingdom       UNIV OF OXFORD                                                      
EQO     

  United Kingdom       UNIV OF YORK                                                        
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Preface 

This book deals with Field-Programmable Gate Arrays (FPGAs). which have 
emerged as an attractive means of implementing logic circuits. providing 
instant manufacturing turnaround and negligible prototype costs. They hold 
the promise of replacing much of the VLSI market now held by Mask­
Programmed Gate Arrays. FPGAs offer an affordable solution for custom­
ized VLSI. over a wide variety of applications and have also opened up new 
possibilities in designing reconfigurable digital systems. 

The book discusses the most important aspects of FPGAs in a textbook 
manner. It is not an edited collection of papers. It gives the reader a focused 
view of the key issues. using a consistent notation and style of presentation. 
It provides detailed descriptions of commercially available FPGAs and an 
in-depth treatment of the FPGA architecture and CAD issues that are the sub­
jects of current research. 

The material presented will be of interest to a variety of readers. In 
particular. it should appeal to: 

1. Readers who are not familiar with FPGA technology. but wish to be 
introduced to it. They will find an extensive survey that includes pro­
ducts from ten FPGA manufacturers. and a discussion of the most per­
tinent issues in the design of FPGA architectures. as well as the CAD 
tools needed to make effective use of them. 
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2. Readers who already have an understanding of FPGAs, but who are 
interested in learning about the research directions that are of current 
interest. 

Chapter 1 introduces FPGA technology. It defines an FPGA to be a user­
programmable integrated circuit, consisting of a set of logic blocks that can 
be interconnected by general routing resources. A survey of commercial 
FPGA devices is provided in Chapter 2. This includes descriptions of the 
chip architectures and the basic technologies that are needed to to achieve the 
programmability. Chapter 3 deals with the Computer-Aided Design (CAD) 
task known as "technology mapping," which determines how a given logic 
circuit can be implemented using the logic blocks available in a particular 
FPGA. Included are examples of technology mapping algorithms for two 
types of FPGA. Chapter 4 considers the design of the logic block and its 
effect on the speed and logic density of FPGA circuits. It gives the results of 
several recent studies on this topic. The next chapter focuses on the CAD 
routing problem in FPGAs, where the interconnections between the logic 
blocks are realized. Examples of algorithms are presented for two different 
types of FPGA. Chapter 6 investigates the question of how the richness of 
the routing resources affects the FPGA's ability to implement circuits. It 
shows the results of a recent experimental study. The final Chapter also con­
siders the the routing resources, but uses a mathematical modelling tech­
nique. This provides an example of how FPGAs can be studied and 
improved through theoretical research. 

The authors wish to acknowledge the encouragement and help of Carl 
Harris, of Kluwer Academic Publishers, who has ensured that this book was 
produced in optimum time. We would also like to express our appreciation 
to the many members of the FPGA research project at the University of 
Toronto, whose efforts have contributed both to the information presented in 
this book and to the general understanding of the many complex issues in the 
design and use of FPGAs. These include Professors Paul Chow and David 
Lewis, as well as Kevin Chung, Bahram Fallah, Keith Farkas, Alan Huang, 
Carl Mizuyabu, Gerard Paez, Immanuel Rahardja, Soon Ong Seo, Satwant 
Singh, Benjamin Tseng, and Jean-Michel Vuillamy. Professor Mart Molle 
provided valuable comments on the stochastic modelling chapter. Jack 
Kouloheris and Abbas EI Gamal of Stanford University generously provided 
several figures and engaging discussions. The authors gratefully ack­
nowledge enlightening conversations with many people in the FPGA indus­
try and environs. In particular Steve Trimberger, Bill Carter and Erich Goet­
ting from Xilinx, Jonathan Greene and Andy Haines at Actel, Stan Kopec 
and Clive McCarthy from Altera, Dwight Hill from AT&T Bell Labs, and 
David Marple from Crosspoint. 



Glossary 

Anti-Fuse 
a programming element switch which is normally open, and which 
closes when a high voltage is placed across its terminals. 

Area-efficiency (of an FPGA architecture) 
the amount of area required by the architecture to implement a given 
amount of logic circuitry. 

Binary Decision Diagram (BDD) 
a method of representing Boolean logic expressions using a selector 
element and Shannon decomposition .. 

Channel 
the rectangular area that lies between two rows or two columns of logic 
blocks. A routing channel contains a number of tracks. 

Channel Density 
the maximum number of connections in parallel anywhere in a channel. 
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Channel Segment 
a section of the routing channel. 

Connection Block 
a structure in the routing architecture of an FPGA that provides connec­
tions between the pins of the logic block and the routing channels. 

EEPROM 
Electrically Erasable Programmable Read Only Memory. 

EPROM 
Erasable Programmable Read Only Memory. 

Field-Programmable Device 
a device that can be configured by the user with simple electrical equip­
ment. 

Flexibility (of routing architecture) 
the number of choices offered by a routing architecture in making a set 
of connections. 

FPGA Architecture 
the logic block, routing and I/O block structure of an FPGA. 

Fe a parameter specifying connection block flexibility. 

Fs a parameter specifying switch block flexibility. 

Global Router 
a CAD tool that determines which set of channels each connection trav­
els through. 

Logic Block 
the basic unit of the FPGA that performs the combinational and 
sequential logic functions. 

Logic Block Architecture 
the choice of combinational and sequential functiolls of the logic block, 
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and their interconnection within that block. 

Logic Block Functionality 
the number of different combinational functions that a logic block can 
implement. 

Logic Density (of an FPGA) 
the amount of logic capability per unit area that an FPGA achieves. 

Lookup Table (LUT) 
a digital memory with K address lines that can implement any function 
of K inputs by placing the truth table into the memory. 

Mask-Programed Gate Array (MPGA) 
an IC with uncommitted arrays of transistors that are personalized by 
two or more layers of metal connections. 

PAL Programmable Array Logic. 

Pass Transistor 
a transistor used as a switch to make a connection between two points. 

Placement 
the CAD task of assignment of logic blocks to physical locations. 

PLD Programmable Logic Device. 

Programmable Inversion 
a feature of a logic block which allows that inputs or outputs can be 
programmed in true or complemented form. 

Programming Technology 
the fundamental method of customization in an FPGA that provides the 
user-programmability. Examples are SRAM, anti-fuse, EPROM and 
EEPROM. 

Programmable Switch 
a switch in an FPGA that is used to connect two wire segments, and can 
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be programmably opened or closed using the programming technology. 

Routability 
the percentage of required connections successfully completed after 
routing. 

Routing Architecture 
the distribution and length of wire segments, and the manner in which 
the wire segments and programmable switches are placed in the routing 
channels. 

Segmented Channel 
a routing channel where tracks contain wire segments of varying 
lengths. 

Switch Block 
a structure in the routing architecture which connects one routing chan­
nel to another. 

Technology Mapping 
the CAD task of converting boolean expressions into a network that 
consists of only logic blocks. 

Track (routing) 
a straight section of wire that spans the entire width or length of a rout­
ing channel. A track can be composed of a number of wire segments of 
various lengths. 

Wire Segment 
a length of metal wire that has programmable switches on either end, 
and possibly switches connected to the middle of the wire. It cannot be 
broken by a programmable switch, or else it would be two wire seg­
ments. 
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CHAPTER 

1 
Introduction 

to FPGAs 

Very Large Scale Integration (VLSI) technology has opened the door to 
the implementation of powerful digital circuits at low cost. It has become 
possible to build chips with more than a million transistors, as exemplified 
by state-of-the-art microprocessors. Such chips are realized using the full­
custom approach, where all parts of a VLSI circuit are carefully tailored to 
meet a set of specific requirements. Semi-custom approaches such as Stan­
dard Cells and Mask-Programmed Gate Arrays (MPGAs) have provided an 
easier way of designing and manufacturing Application-Specific Integrated 
Circuits (ASICs). 

Each of these techniques, however, requires extensive manufacturing 
effort, taking several months from beginning to end. This results in a high 
cost for each unit unless large volumes are produced, because the overhead to 
begin production of such chips ranges from $20,000 to $200,000. 

In the electronics industry it is vital to reach the market with new pro­
ducts in the shortest possible time, and so reduced development and produc­
tion time is essential. Furthermore, it is important that the financial risk 
incurred in the development of a new product be limited so that more new 
ideas can be prototyped. Field-Programmable Gate Arrays (FPGAs) have 
emerged as the ultimate solution to these time-to-market and risk problems 
because they provide instant manufacturing and very low-cost prototypes. 
An FPGA can be manufactured in only minutes, and prototype costs are on 
the order of $100. A field-programmable device is a device in which the final 
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logic structure can be directly configured by the end user, without the use of 
an integrated circuit fabrication facility. 

The last three years have seen FPGAs grow from a tiny market niche 
into a $200 million business. It is expected that almost one billion dollars 
worth of FPGAs will be sold every year by 1996, representing a significant 
proportion of the IC market. 

This book is concerned with many aspects of FPGA architecture and 
the Computer-Aided Design Tools needed in their use. This chapter begins 
by describing the evolution of programmable devices and gives a brief intro­
duction to FPGAs, their economics and their use. It also provides an indica­
tion of the material presented in subsequent chapters. 

1.1 Evolution of Programmable Devices 
Programmable devices have long played a key role in the design of 

digital hardware. They are general-purpose chips that can be configured for a 
wide variety of applications. The first type of programmable device to 
achieve widespread use was the Programmable Read-Only Memory 
(PROM). A PROM is a one-time programmable device that consists of an 
array of read-only cells. A logic circuit can be implemented by using the 
PROM's address lines as the circuit's inputs, and the circuit's outputs are 
then defined by the stored bits. With this strategy, any truth-table function 
can be implemented. 

Two basic versions of PROMs are available, those that can be pro­
grammed only by the manufacturer, and those that can be programmed by 
the end-user. The first type is called mask-programmable and the second is 
field-programmable. In the context of implementing logic circuits, superior 
speed-performance can be obtained with a mask-programmable chip because 
connections within the device can be hardwired during manufacture. In con­
trast, field-programmable connections always involve some sort of pro­
grammable switch (such as a fuse) that is inherently slower than a hardwired 
connection. However, a field-programmable device offers advantages that 
often outweigh its speed-performance shortcomings: 

• Field-programmable chips are less expensive at low volumes than 
mask-programmable devices because they are standard off-the-shelf 
parts. An IC manufacturing facility must be "tooled" to begin produc­
tion of a mask-programmed device which incurs a large overhead cost. 

• Field-programmable chips can be programmed immediately, in 
minutes, whereas mask-programmable devices must be manufactured 
by a foundry over a period of weeks or months. 
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Two field-programmable variants of the PROM, the Erasable Pro­
grammable Read-Only Memory (EPROM) and the Electrically Erasable 
Programmable Read-Only Memory (EEPROM) offer an additional advan­
tage; both can be erased and re-programmed many times. In some applica­
tions, and particularly during the early stages of a logic circuit's design, re­
programmability is an attractive feature. 

While PROMs are a viable alternative for realizing simple logic cir­
cuits, it is clear that the structure of a PROM is best suited for the implemen­
tation of computer memories. Another type of programmable device, 
designed specifically for implementing logic circuits, is the Programmable 
Logic Device (PLD). A PLD typically comprises an array of AND gates con­
nected to an array of OR gates. A logic circuit to be implemented in a PLD 
is thus represented in sum-of-products form. The most basic version of a 
PLD is the Programmable Array Logic (PAL). A PAL consists of a pro­
grammable AND-plane followed by a fixed OR-plane. The outputs of the 
OR gates can be optionally registered by a flip-flop in most chips. PALs also 
offer the advantages of field-programmability, which is obtained using one of 
fuse, EPROM or EEPROM technology. 

A more flexible version of the PAL is the Programmable Logic Array 
(PLA). PLAs also comprise an AND-plane followed by an OR-plane, but in 
this case connections to both planes are programmable. They are available in 
both mask-programmable and field-programmable versions. 

With their simple two-level structure, both types of PLDs described 
above allow high speed-performance implementations of logic circuits. 
However, the simple structure also leads to their main drawback. They can 
only implement small logic circuits that can be represented with a modest 
number of product terms, because their interconnection structure would grow 
impractically large if the number of product terms were increased. 

The most general type of programmable devices consists of an array of 
uncommitted elements that can be interconnected according to a user's 
specifications. Such is the class of devices known as Mask-Programmable 
Gate Arrays (MPGAs). The most popular MPGAs consist of rows of transis­
tors that can be interconnected to implement a desired logic circuit. User­
specified connections are available both within the rows (to implement basic 
logic gates) and between the rows (to connect the basic gates together). In 
addition to the rows of transistors, some circuitry is provided that handles 
input and output to the external pins of the Ie package. In an MPGA, all the 
mask layers that define the circuitry of the chip are pre-defined by the 
manufacturer, except those that specify the final metal layers. These metal 
layers are customized to connect the transistors in the array, thereby 
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implementing the desired circuit. MPGAs have a large non-recurring 
engineering (NRE) cost because of the need to generate the metal mask layer 
and manufacture the chip. However, the unit cost decreases significantly 
when large volumes (more than 1000 chips) are required. 

The main advantage of MPGAs over PLDs is that they provide a gen­
eral structure that allows the implementation of much larger circuits. This is 
primarily due to their interconnection structure, which scales proportionally 
with the amount of logic. On the other hand, since MPGAs are mask­
programmable, they require significant manufacturing time and incur high 
initial costs. A Field-Programmable Gate Array combines the programma­
bility of a PLD and the scalable interconnection structure of an MPGA. This 
results in programmable devices with much higher logic density. 

1.2 What is an FPGA? 
Like an MPGA, an FPGA consists of an array of uncommitted ele­

ments that can be interconnected in a general way. Like a PAL, the intercon­
nections between the elements are user-programmable. FPGAs were intro­
duced in 1985 by the Xilinx Company. Since then, many different FPGAs 
have been developed by a number of companies: Actel, Altera, Plessey, Plus, 
Advanced Micro Devices (AMD), QuickLogic, Algotronix, Concurrent 
Logic, and Crosspoint Solutions, among others. Chapter 2 describes the 
FPGAs produced by each of these ten companies. 

Figure 1.1 shows a conceptual diagram of a typical FPGA. As dep­
icted, it consists of a two-dimensional array of logic blocks that can be con­
nected by general interconnection resources. The interconnect comprises 
segments of wire, where the segments may be of various lengths. Present in 
the interconnect are programmable switches that serve to connect the logic 
blocks to the wire segments, or one wire segment to another. Logic circuits 
are implemented in the FPGA by partitioning the logic into individual logic 
blocks and then interconnecting the blocks as required via the switches. 

To facilitate the implementation of a wide variety of circuits, it is 
important that an FPGA be as versatile as possible. This means that the 
design of the logic blocks, coupled with that of the interconnection resources, 
should facilitate the implementation of a large number of digital logic cir­
cuits. There are many ways to design an FPGA, involving tradeoffs in the 
complexity and flexibility of both the logic blocks and the interconnection 
resources. This book will address most of the relevant issues involved. 
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Logic Block 

Interconnection 
Resources 

Figure 1.1 - A Conceptual FPGA. 

1.2.1 Logic Blocks 

5 

The structure and content of a logic block are called its architecture. 
Logic block architectures can be designed in many different ways. As shown 
by the examples in Chapter 2, some FPGA logic blocks are as simple as 2-
input NAND gates. Other blocks have more complex structure, such as mul­
tiplexers or lookup tables. In some FPGAs, a logic block corresponds to an 
entire PAL-like structure. There exists a myriad of possibilities for defining 
the logic block as a more complex circuit, consisting of several sub-circuits 
and having more than one output. Most logic blocks also contain some type 
of flip-flop, to aid in the implementation of sequential circuits. Logic block 
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architecture is discussed in detail in Chapter 4. Included are the results of 
studies that show the effects of the architecture of the logic block on both the 
total chip area needed to build an FPGA and the speed performance of cir­
cuits implemented in an FPGA. 

1.2.2 Interconnection Resources 

The structure and content of the interconnect in an FPGA is called its 
routing architecture. As indicated earlier, the routing architecture consists of 
both wire segments and programmable switches. The programmable 
switches can be constructed in several ways, including: pass-transistors con­
trolled by static RAM cells, anti-fuses, EPROM transistors, and EEPROM 
transistors. Each of these alternatives is discussed in detail in Chapter 2. 
Similar to the logic blocks, there exist many different ways to design the 
structure of a routing architecture. Some FPGAs offer a large number of 
simple connections between blocks, and others provide fewer, but more com­
plex routes. Routing architectures are discussed in detail in Chapter 6, which 
examines the effects of different amounts of connectivity on circuit area and 
performance. 

1.3 Economics of FPGAs 
FPGAs can be used effectively in a wide variety of applications. As 

mentioned earlier, in comparison with MPGAs, they have two significant 
advantages: FPGAs have lower prototype costs, and shorter production 
times. 

The two main disadvantages of FPGAs, compared to MPGAs, are their 
relatively low speed of operation, and lower logic density (the amount of 
logic that can be implemeted in a single chip). The propagation delay of an 
FPGA is adversely affected by the inclusion of programmable switches, 
which have significant resistance and capacitance, in the connections 
between logic blocks. A direct comparison with MPGAs indicates that a typ­
ical circuit will be slower by a factor of roughly three if implemented in an 
FPGA. 

Logic density is decreased because the programmable switches and 
associated programming circuitry require a great deal of chip area compared 
to the metal connections in an MPGA. Typical FPGAs are a factor of 8 to 12 
times less dense than MPGAs manufactured in the same IC fabrication pro­
cess. The larger area required by the FPGA for the same amount of logic cir­
cuitry means that fewer FPGA chips can be produced per wafer than in the 
case of an MPGA, and a lower yield is likely. At higher production volumes 
this means that an FPGA is much more expensive than an MPGA. 
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For example, consider a 2,ooO-gate MPGA and a 2,OOO-gate FPGA 
fabricated in the same Ie process. In 1990, the manufacturing overhead cost 
of this MPGA was roughly $20,000, after which the cost of producing each 
individual chip was about $5. For the 2000-gate FPGA, there is no overhead 
cost, but the per chip cost is roughly $50, which may decrease to about $35 
at higher volumes. Figure 1.2 illustrates these figures. At low volumes the 
FPGA unit cost is much lower than for an MPGA. As the figure indicates, 
the break-even point for the two technologies occurs at a volume of about 
700. Note that this analysis does not include the cost of testing, inventory, or 
other costs that may affect an economic decision. 

MPGA 

10000 

Cost Per 
1000 

Chip 
(Dollars) 100 FPGA 

---.::..:..... 
10 

1 10 100 1000 10000 

Volume in Number of Chips 

Figure 1.2 • Unit Price of FPGAs and MPGAs versus Volume. 

At the time of the writing of this book the total FPGA market was oilly 
about 3% of the size of the market for MPGAs, as measured by the total dol­
lar volume. On the other hand, statistics indicate that approximately one-half 
of all chip design projects are begun using FPGAs. 

Several factors may contribute, in the future, to the emergence of the 
FPGA as a superior choice of implementation medium over the MPGA. For 
low gate counts, the difference in area between an FPGA and MPGA may be 
insignificant, because the chip size will be determined by the number of I/O 
pads and not the logic and interconnection. At this point the fabrication 
costs will be dominated by the package costs, which is the same for both 
technologies. 
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1.4 Applications of FPGAs 
FPGAs can be used in almost all of the applications that currently use 

Mask-Programmed Gate Arrays, PLDs and small scale integration (SSI) 
logic chips. Below we present a few categories of such designs. 

Application-Specific Integrated Circuits (ASICs) 

An FPGA is a completely general medium for implementing digital 
logic. They are particularly suited for implementation of ASICs. Some 
examples of such use that have been reported are: a 1 megabit FIFO con­
troller, an IBM PS/2 micro channel interface, a DRAM controller with error 
correction, a printer controller, a graphics engine, a Tl network 
transmitterlr.eceiver as well as many other telecommunications applications, 
and an optical character recognition circuit. 

Implementation of Random Logic 

Random logic circuitry is usually implemented using PALs. If the 
speed of the circuit is not of critical concern (PALs are faster than most 
FPGAs), such circuitry can be implemented advantageously with FPGAs. 
Currently, one FPGA can implement a circuit that might require ten to 
twenty PALs. In the future, this factor will increase dramatically. 

Replacement of SSI Chips for Random Logic 

Existing circuits in commercial products often include a number of SSI 
chips. In many cases these chips can be replaced with FPGAs, which often 
results in a substantial reduction in the required area on circuit boards that 
carry such chips. 

Prototyping 

FPGAs are almost ideally suited for prototyping applications. The low 
cost of implementation and the short time needed to physically realize a 
given design, provide enormous advantages over more traditional approaches 
for building prototype hardware. Initial versions of prototypes can be imple­
mented quickly and subsequent changes in the prototype can be done easily 
and inexpensively. 

FPGA-Based Compute Engines 

A whole new class of computers has b~en made possible with the 
advent of in-circuit re-programmable FPGAs. These machines consist of a 
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board of such FPGAs, usually with the pins of neighboring chips connected. 
The idea is that a software program can be "compiled" (using high-level, 
logic-level and layout-level synthesis techniques, or by hand) into hardware 
rather than software. This hardware is then implemented by programming 
the board of FPGAs. This approach has two major advantages: first, there is 
no instruction fetching as required by traditional microprocessors, as the 
hardware directly embodies the instructions. This can result in speedups of 
the order of 100. Secondly, this computing medium can provide high levels 
of parallelism, resulting in a further speed increase. 

The Quicktum company provides such a product tuned towards the 
simulation emulation of digital circuits. Also, Algotronix Ltd. sells a small 
add-in board for IBM PCs that can perform this function. At the research 
level, the Digital Equipment Corporation in Paris [Bert92] has achieved per­
formance ranging from 25 billion operations per second up to 264 billion 
operations per second on applications such as RSA cryptography, the discrete 
cosine transform, Ziv-Lempel encoding and 2-D convolution, among others. 

On-Site Re-configuration of Hardware 
FPGAs are also attractive when it is desirable to be able to change the 

structure of a given machine that is already in operation. One example is 
computer equipment in a remote location that may have to be altered on site 
in order to correct a failure or perhaps a design error. A board that features a 
number of FPGAs connected via a programmable interconnection network 
allows a high degree of flexibility in augmenting the functional behavior of 
the circuitry provided by the board. Note that the most suitable type of 
FPGA for this kind of application is one that contains re-programmable 
switches. 

1.5 Implementation Process 
A designer who wants to make good use of FPGAs must have access to 

an efficient CAD system. Figure 1.3 shows the steps involved in a typical 
CAD system for implementing a circuit in an FPGA. Note that the system 
that is appropriate for each FPGA varies, and the one shown in the figure is 
only suggestive. An example of a real CAD system used for commercial 
FPGAs is presented in Chapter 2 . 

. The starting point for the design process is the initial logic entry of the 
circuit that is to be implemented. This step typically involves drawing a 
schematic using a schematic capture program, entering a VHDL description, 
or specifying Boolean expressions. Regardless of the initial design entry, the 
circuit description is usually translated into a standard form such as Boolean 
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Figure 1.3 • A Typical CAD System for FPGAs. 

expressions. The Boolean expressions are then processed by a logic optimi­
zation tool [Bray86, Greg86], which manipulates the expressions. The goal 
is to modify these expressions to optimize the area or speed of the final cir­
cuit. A combination of both area and delay requirements may also be con­
sidered. This optimization usually performs the equivalent of an algebraic 
minimization of the Boolean expressions and it is appropriate when imple­
menting a logic circuit in any medium, not just FPGAs. 

The optimized Boolean expressions must next be transformed into a 
circuit of FPGA logic blocks. This is done by a technology mapping 
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program. The mapper may attempt to minimize the total number of blocks 
required, which is known as area optimization. Alternatively, the objective 
may be to minimize the number of stages of logic blocks in time-critical 
paths, which is called delay optimization. Technology mapping issues are 
dealt with in detail in Chapter 3, by presenting two examples of technology 
mapping algorithms for FPGAs. 

Having mapped the circuit into logic blocks, it is necessary to decide 
where to place each block in the FPGA's array. A placement program is 
used to solve this problem. Typical placement algorithms attempt to minim­
ize the total length of interconnect required for the resulting placement 
[Hanan, Sech87]. It should be noted that the problem of placement in the 
FPGA environment is quite similar to that in the case of VLSI circuits imple­
mented with standard cells. 

The final step in the CAD system is performed by the routing software, 
which assigns the FPGA's wire segments and chooses programmable 
switches to establish the required connections among the logic blocks. The 
routing software must ensure that 100 percent of the required connections are 
formed, otherwise the circuit cannot be realized in a single FPGA. More­
over, it is often necessary to do the routing such that propagation delays in 
time-critical connections are minimized. Routing in the FPGA environment 
involves similar concepts as in the standard cell environment, but it is com­
plicated by the constraint that in FPGAs all of the available routing resources 
(wire segments and switches) are fixed in place. The routing issues for 
FPGAs are discussed in detail in Chapter 5, by presenting two examples of 
FPGA-specific routing algorithms. 

Upon successful completion of the placement and routing steps, the 
CAD system's output is fed to a programming unit, which configures the 
final FPGA chip. The entire process of implementing a circuit in an FPGA 
can take from a few minutes to about an hour, depending on which FPGA is 
being used. 

1.6 Concluding Remarks 
This chapter has provided a brief introduction to FPGA technology. 

The chapters that follow will examine the most important issues at length. 
The intent of this material is not to give a "user manual" type of description, 
but to focus instead on the challenging questions pertinent to the design of 
FPGAs and the CAD tools needed to implement a user's logic circuit. 
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Commercially 

Available 
FPGAs 

Over the last few years, several companies have introduced a number of 
different types of FPGAs. While each product has unique features, they can 
all be classified into one of four categories. Figure 2.1 depicts· the four main 
classes of FPGAs: symmetrical array, row-based, hierarchical PLD, and sea­
of-gates. The diagrams in Figure 2.1 are meant to be suggestive of the gen­
eral structure of each type of FPGA and no details are presented at this point. 
Instead, the major features possessed by FPGAs in each category are 
presented throughout this chapter, by describing commercially available 
chips from a total of ten companies. Some new architectural features for 
FPGAs have been suggested in recent research papers, but they are not 
described here [Kawa90] [Chow91] [EbeI91]; 

While the features offered in each company's product differ somewhat, 
a user's logic circuit can generally be implemented in any class of FPGA by 
making use of a set of sophisticated CAD tools. Some tools are developed 
specifically by the FPGA manufacturer, and others are offered through third­
party vendors. The tools that are appropriate for each class of FPGA vary, 
but most of the steps that are required to implement a design are the same in 
each case. An example of the design flow used to implement a circuit in art 
FPGA is given at the end of this chapter. 



14 Field-Programmable Gate Arrays 

Symmetrical Array 
Row-based 

Interconnect 0 0 0 
~====$!$====m== 

Logic BIOCk--EJ 00 
000 I I ~I 

Logic Block 

- -

L ogic Block 

/ 
Interconnect 
Overlayed on 
Logic Blocks 

Sea-of-Gates 

" PLD 
Block 

- -

Hierarchical PLD 

Interconnect 

Figure 2.1 - The Four Classes of Commercially Available FPGAs. 

2.1 Programming Technologies 

Before discussing the features of commercially available FPGAs, it is 
useful to gain a better understanding of how these devices are made to be 
field-programmable. In Chapter 1, we used the word "switch" to refer to the 
entities that allow programmable connections between wire segments. We 
will continue to use this term throughout the book, but a more precise term 
for such an entity is programming element. Since there are a number of dif­
ferent ways of implementing a programming element, it has become cus­
tomary to speak about the programming technology that is used to realize 
these elements. Programming technologies that are currently in use in com­
mercial products are: static RAM cells, anti-fuses, EPROM transistors, and 
EEPROM transistors. While each of these technologies are quite different, 
the programming elements all share the property of being configurable in one 
of two states: ON or OFF. 

The programming elements are used to implement the programmable 
connectwns among the FPGA's logic blocks, and a typical FPGA may 
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contain more than 100,000 programming elements. For these reasons, the 
elements should have the following properties: 

• the programing element should consume as little chip area as possible, 

• the programming element should have a low ON resistance and a very 
high OFF resistance, 

• the programming element should contribute low parasitic capacitance 
to the wiring resources to which it is attached, and 

• it should be possible to reliably fabricate a large number of program­
ming elements on a single chip. 

Depending on the application in which the FPGA is to be used, it may 
also be desirable for the programming element to possess other features. For 
example, a programming element that is non-volatile might be attractive, as 
well as an element that is re-programmable. Re-programmable elements 
make it possible to re-configure the FPGA, perhaps without even removing it 
from the circuit board. Finally, in terms of ease of manufacture, it might be 
desirable if the programming elements can be produced using a standard 
CMOS process technology. The following sections describe each of the pro­
gramming technologies in more detail. At the end, a table is presented that 
summarizes the characteristics of all of the programming technologies. 

2.1.1 Static RAM Programming Technology 

The static RAM programming technology is used in FPGAs produced 
by several companies: Algotronix, Concurrent Logic, Plessey Semiconduc­
tors, and Xilinx. In these FPGAs, programmable connections are made using 
pass-transistors, transmission gates, or multiplexers that are all controlled by 
SRAM cells. The use of a static RAM cell to control a CMOS pass­
transistor is illustrated in Figure 2.2a. Alternatively, the RAM cell could 
control both the n-channel and p-channel transistors of a full transmission 
gate, or more than one RAM cell could be used to control the select inputs on 
a multiplexer. The later two options are illustrated by Figures 2.2b and 2.2c. 

In the case of the pass-transistor approach in Figures 2.2a and 2.2b, the 
RAM cell controls whether the pass-gates are on or off. When off, the pass­
gate presents a very high resistance between the two wires to which it is 
attached. When the pass gate is turned on, it forms a relatively low resis­
tance connection between the two wires. For the multiplexer approach in 
Figure 2.2c, the RAM cells control which of the multiplexer'S inputs should 
be connected to its output. This scheme would typically be used to option­
ally connect one of several wires to a single input of a logic block. 
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Figure 2.2 - Static RAM Programming Technology. 

In an FPGA that uses the SRAM programming technology, the logic 
blocks may be interconnected using a combination of pass-gates and multi­
plexers. Since the static RAM is volatile, these FPGAs must be configured 
each time the power is applied to the chip. This implies that a system that 
includes such chips must have some sort of permanent storage mechanism 
for the RAM cell bits, such as a ROM or a disk. The RAM cells bits may be 
loaded into the FPGA either through a serial arrangement (if the RAM cells 
can be arranged in series during chip configuration) or each RAM cell may 
be addressed as an element of an array (as in a normal static RAM chip). 

Compared with other programming technologies described in this sec­
tion, the chip area required by the static RAM approach is relatively large. 
This is because at least five transistors are needed for each RAM cell, as well 
as the additional transistors for the pass-gates or multiplexers. The major 
advantage of this technology is that it provides an FPGA that can be re­
configured (in-circuit) very quickly and it can be produced using a standard 
CMOS process technology. 

2.1.2 Anti-fuse Programming Technology 
Anti-fuse programming technology is used in FPGAs offered by Actel 

Corp., QuickLogic, and Crosspoint Solutions. While the anti-fuse used in 
each of these FPGAs differs in construction, their function is the same. An 
anti-fuse normally resides in a high-impedance state but can be "fused" into a 
low-impedance state when programmed by a high voltage. In the remainder 
of this sub-section, the construction and use of the anti-fuses used by Actel 
and Quicklogic are described. 
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The Actel anti-fuse, called PUCE, is described in detail in [Hamd88]. 
It can be described as a square structure that consists of three layers: the bot­
tom layer is composed of positively-doped silicon (n+ diffusion), the middle 
layer is a dielectric (Oxygen-Nitrogen-Oxygen insulator), and the top layer is 
made of poly silicon. This construction is illustrated by Figure 2.3a. 

The PUCE anti-fuse is programmed by placing a relatively high vol­
tage (18 V) across the anti-fuse terminals and driving a current of about 5 rna 
through the device. This procedure generates enough heat in the dielectric to 
cause it to melt and form a conductive link between the Poly-Si and n+ diffu­
sion. Special high-voltage transistors are fabricated within the FPGA to 
accommodate the necessary large voltages and currents. 

Both the bottom layer and top layer of the anti-fuse are connected to 
metal wires, so that, when programmed, the anti-fuse forms a low resistance 
connection (from 300 to 500 ohms) between the two metal wires. This 
arrangement is depicted in Figure 2.3b. The PUCE anti-fuse is manufac­
tured by adding three specialized masks to a normal CMOS process. 

The anti-fuse used by Quicklogic is called ViaLink. As described in 
[Birk91], it is similar to the PUCE anti-fuse in that it consists of three layers. 
However, a ViaLink anti-fuse uses one level of metal for its bottom layer, an 
alloy of amorphous silicon for its middle layer. and a second level of metal 
for the top layer. This structure is illustrated in Figure 2.4. When in the 
unprogrammed state, the anti-fuse presents over a gigaohm of resistance, but 
when programmed it forms a low-resistance path of about 80 ohms between 
the two metal wires. The anti-fuse is manufactured using three extra masks 

,-----------, 
I oxide Poly-51 I 
I I 
I I 
I I 

I 
I n+ dlfflslon I 
I silicon substrate II L _________ _ 

a) cross-section b) structure 

Figure 2.3 - PLICE Anti-fuse Programming Technology. 
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above a normal CMOS process. Here, a normal via is created for the anti­
fuse, but the via is filled with the amorphous silicon alloy instead of metal. 

The ViaLink anti-fuse is programmed by placing about 10 volts across 
its terminals. When sufficient current is supplied, this results in a change of 
state in the amorphous silicon and creates a conductive link between the bot­
tom and top layers of metal. 

The chip area required by an anti-fuse (either PLICE or ViaLink) is 
very small compared to the other programming technologies. However, this 
is somewhat offset by the large space required for the high-voltage transistors 
that are needed to handle the high programming voltages and currents. A 
disadvantage of anti-fuses is that their manufacture requires modifications to 
the basic CMOS process. Their properties are summarized in the table at the 
end of this section. 

2.1.3 EPROM and EEPROM Programming Technology 

EPROM programming technology is used in the FPGAs manufactured 
by Altera Corp. and Plus Logic. This technology is the same as that used in 
EPROM memories. Unlike a simple MOS transistor, an EPROM transistor 
comprises two gates, a floating gate and a select gate. The floating gate, 
positioned between the select gate and the transistor's channel, is so named 
because it is not electrically connected to any circuitry. In its normal (un­
programmed) state, no charge exists on the floating gate and the transistor 
can be turned ON in the normal fashion using the select gate. However, 
when the transistor is programmed by causing a large current to flow 
between the source and drain, a charge is trapped under the floating gate. 
This charge has the effect of permanently turning the transistor OFF. In this 
way, the EPROM transistor can function as a programmable element. An 

-------------, 
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Figure 2.4 - ViaLink Anti-fuse Programming Technology. 
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EPROM transistor can be re-programmed by first removing the trapped 
charge from the floating gate. Exposing the gate to ultraviolet light excites 
the trapped electrons to the point where they can pass through the gate oxide 
into the substrate. 

EPROM transistors are used in FPGAs in a different manner than are 
static RAM cells or anti-fuses. That is, rather than serving to programmably 
connect two wires, EPROM transistors are used as "pull down" devices for 
logic block inputs. This arrangement is illustrated in Figure 2.5. As the 
figure shows, one wire, called the "word line" (using memory terminology), 
is connected to the select gate of the EPROM transistor. As long as the 
transistor has not been programmed into the OFF state, the word line can 
cause the "bit line", which is connected to a logic block input to be pulled to 
logic zero. In both the Altera and Plus Logic FPGAs, many EPROM transis­
tors, each driven by a different word line, are connected to the same bit line. 
Since a pull-up resistor is present on the bit line, this scheme allows the 
EPROM transistors to not only implement connections but also to realize 
wired-AND logic functions. A disadvantage of this approach is that the 
resistor consumes static power. 

b~ line 

select gate 

---/1 
floating gate ! 

word line 

pull-up 
resistor 

EPROM transistor 

---=- gnd 

Figure 2.5 - EPROM Programming Technology. 

One advantage of EPROM transistors is that they are re-programmable 
but do not require external storage. However, unlike static RAM, EPROM 
transistors cannot be re-programmed in-circuit. 

The EEPROM approach (which is used in the FPGAs offered by 
Advanced Micro Devices) is similar to the EPROM technology except that 
EEPROM transistors can be re-programmed in-circuit. The disadvantage of 
using EEPROM transistors is that they consume about twice the chip area as 
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EPROM transistors and they require multiple voltage sources (for re­
programming) which might not otherwise be required. 

2.1.4 Summary of Programming Technologies 

Table 2.1 lists some of the characteristics of the various programming 
technologies that have been discussed in this section. The second column 
from the left gives an indication of whether or not the programming element 
is volatile, and the third column states if the element is re-programmable. 
The amount of area consumed by the programming elements is indicated, in 
relative terms, in the fourth column. While each company that produces 
FPGAs may use a different base CMOS process, the numbers shown in the 
table are all normalized to 1.2 Jlm CMOS. The fifth and six columns list the 
series resistance of the programming element (when in the ON state) and the 
capacitance that the element adds to each wire to which it is attached, respec­
tively. The resistance and capacitance numbers are approximate and are 
meant to provide a relative measure for the various elements. 

2.2 Commercially Available FPGAs 

This section provides descriptions of several commercially available 
FPGA families, including those from Xilinx, Actel, Altera, Plessey, Plus, 
Advanced Micro Devices (AMD), QuickLogic, Algotronix, Concurrent 
Logic, and Crosspoint Solutions. Table 2.2 provides a short summary, using 

Programming Volatile Re-Prog Chip Area R (ohm) C (ff) 
Technology 

Static RAM yes in large 1 - 2 K 10-20ff 
Cells circuit 

PLiCE no no small anti-fuse. 300 - 500 3-5 ff 
Anti-fuse large prog. trans. 

ViaLlnk no no small anti-fuse. 50 - 80 1.3 ff 
Anti·fuse large prog. trans. 

EPROM no out of small 2-4k 10-20ff 
circuit 

EEPROM no in 2xEPROM 2-4k 10-20ff 
circuit 

Table 2.1 - Characteristics of Programming Technologies. 
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terminology introduced at the beginning of this chapter, of several key 
features for each FPGA. It gives an indication of the FPGA's architecture, 
the type of logic block used, the structure of the routing resources, and the 
type of programming technology. Each of the devices in Table 2.2 is 
described in more detail in the following sections, with greater attention paid 
to the first three FPGAs in the table because they are the most widely used. 

2.2.1 Xilinx FPGAs 

The general architecture of Xilinx FPGAs is shown in Figure 2.6. It 
consists of a two-dimensional array of programmable blocks, called 
Configurable Logic Blocks (CLBs), with horizontal routing channels 
between rows of blocks and vertical routing channels between columns. Pro­
grammable resources are controlled by static RAM cells. There are three 
families of Xilinx FPGAs, called the XC2000, XC3000, and XC4000 
corresponding to first, second, and third generation devices. Table 2.3 gives 
an indication of the logic capacities of each generation by showing the 

Company General Logic Block Programming 
Architecture Type Technology 

Xilinx Symmetrical Look-up Static RAM 
Array Table 

Actel Row-based Multiplexer- anti-fuse 
Based 

Altera Hierarchical-PLD PLD Block EPROM 

Plessey Sea-of-gates NAND-gate Static RAM 

Plus Hierarchical-PLD PLD Block EPROM 

AMD Hierarchical-PLD PLDBlock EEPROM 

QuickLogic Symmetrical Multiplexer- anti-fuse 
Array Based 

Algotronix Sea-of-gates Multiplexers & Static RAM 
Basic Gates 

Concurrent Sea-of-gates Multiplexers Static RAM 
& Basic Gates 

Crosspoint Row-based Transistor Pairs anti-fuse 
& Multiplexers 

Table 2.2 - Summary of Commercially Available FPGAs. 
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number of CLBs and an equivalent gate count, where a gate is ostensibly a 
2-input NAND. The gate count measure is given in terms of "equivalent to a 
mask-programmable gate array of the same size." All FPGA manufacturers 
quote logic capacity by this measure, however the figures quoted by some are 
overly optimistic. The numbers given in Table 2.3, and in similar tables that 
appear later in this chapter are taken directly from the vendors, and should be 
interpreted accordingly. The design of the Xilinx CLB and routing architec­
ture differs for each generation, so they will each be described in turn. 
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Figure 2.6 - General Architecture of Xilinx FPGAs. 

Series Number of CLBs Equivalent Gates 

XC2000 64 - 100 1200 - 1800 

XC3000 64 - 320 2000 - 9000 

XC4000 64 - 900 2000 - 20000 

Table 2.3 - Xilinx FPGA Logic Capacities. 

2.2.1.1 Xilinx XC2000 
The XC2000 CLB, shown in Figure 2.7, consists of a four-input look­

up table and a D flip-flop. The look-up table can generate any function of up 
to four variables or any two functions of three variables. Both of the CLB 
outputs can be combinational, or one output can be registered. 



Commercially Available FPGAs 

A ~~--L--I-I 

Inputs cB ---;-----,.--1 hi====t=l=="=H 
Table 

D -----;--.---1 

Clock 

Figure 2.7 - XC2000 CLB. 
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As illustrated in Figure 2.8, the XC2000 routing architecture employs 
three types of routing resources: Direct interconnect, General Purpose inter­
connect, and Long Lines_ Note that for clarity the routing switches that con­
nect to the CLB pins are not shown in the figure. The Direct interconnect 
(shown only for the CLB marked with '*') provides connections from the 
output of a CLB to its right, top, and bottom neighbors. For connections that 
span more than one CLB, the General Purpose interconnect provides hor­
izontal and vertical wiring segments, with four segments per row and five 
segments per column. Each wiring segment spans only the length or width 
of one CLB, but longer wires can be fonned because each switch matrix 
holds a number of routing switches that can interconnect the wiring segments 
on its four sides. Note that a connection routed with the General Purpose 
interconnect will incur significant routing delays because it must pass 
through a routing switch at each switch matrix. Connections that are 
required to reach several CLBs with low skew can use the Long Lines, which 
traverse at most one routing switch to span the entire length or width of the 
FPGA. 

2.2.1.2 Xilinx XC3000 

The XC3000 is an enhanced version of the XC2000, featuring a more 
complex CLB and more routing resources. The CLB, as shown in Figure 
2.9, includes a look-up table that can implement any function of five vari­
ables, or any two functions of four variables that use no more than five dis­
tinct inputs. The CLB has two outputs, both of which may be either combi­
national or registered. 
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Figure 2.10 shows that the XC3000 routing architecture is similar to 
that in the XC 2000, having Direct interconnect, General Purpose intercon­
nect, and Long Lines. Each resource is enhanced: the Direct interconnect 
can additionally reach a CLB's left neighbor, the General Purpose intercon­
nect has an extra wiring segment per row, and there are more Long Lines. 

The XC3000 also contains switch matrices that are similar to those in 
the XC2000. Figure 2.10 depicts the internal structure of an XC3000 switch 
matrix by showing, as an example, that the wiring segment marked with '*' 
can connect through routing switches to six other wiring segments. Although 
not shown in the figure, the other wiring segments are similarly connected, 
though not always to the same number of segments. 

2.2.1.3 Xilinx XC4000 

The XC4000 features several enhancements over its predecessors. The 
CLB, illustrated in Figure 2.11, utilizes a two-stage arrangement of look-up 
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tables that yields a greater logic capacity per CLB than in the XC3000. It 
can implement two independent functions of four variables, any single func­
tion of five variables, any function of four variables together with some func­
tions of five variables, or some functions of up to nine variables. The CLB 
has two outputs, which may be either combinational or registered. 

The XC4000 routing architecture is significantly different from the ear­
lier Xilinx FPGAs, with the most obvious difference being the replacement 
of the Direct interconnect and General Purpose interconnect with two new 
resources, called Single-length Lines and Double-length Lines. The Single­
length Lines, which are intended for relatively short connections or those that 
do not have critical timing requirements, are shown in Figure 2.12, where 
each X indicates a routing switch. This figure illustrates three architectural 
enhancements in the XC4000 series: 

1. There are more wiring segments in the XC4000. While the number 
shown in the figure is only suggestive, the XC4000 contains more than 
twice as many wiring segments as does the XC3000. 

2. Most CLB pins can connect to a high percentage of the wiring seg­
ments. This represents an increase in connectivity over the XC3000. 
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Table 

02 

"--H+---------'--G 
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Clock ---'-----------' '-------------''--F 
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Figure 2.11 - XC4000 CLB. 
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3. Each wiring segment that enters a switch matrix can connect to only 
three others, which is half the number found in the XC3000. 

It is interesting to note these three enhancements here because they are 
all supported by the architectural research that appears in Chapter 6 of this 
book. 

The remaining routing resources in the XC4000, which includes the 
Double-length Lines and the Long Lines, are shown in Figure 2.13. As the 
figure shows, the Double-length Lines are similar to the Single-length Lines, 
except that each one passes through half as many switch matrices. This 
scheme offers lower routing delays for moderately long connections that are 
not appropriate for the low-skew Long Lines. For clarity, neither the 
Single-length Lines nor the routing switches that connect to the CLB pins are 
shown in Figure 2.13. 
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Figure 2.12 -XC4000 Single-Length Lines. 

2.2.2 Actel FPGAs 

The basic architecture of Actel FPGAs, depicted in Figure 2.14, is simi­
lar to that found in MPGAs, consisting of rows of programmable blocks, 
called Logic Modules (LMs), with horizontal routing channels between the 
rows. Each routing switch in these FPGAs is implemented by the PLICE 
anti-fuse that was described earlier in this chapter. Acte! currently has two 
generations of FPGAs, called the Act-l and Act-2, whose approximate logic 
capacities are shown in Table 2.4. 
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2.2.2.1 Actel Act-1 

The Act-l LM, shown in Figure 2.15, illustrates a very different 
approach from that found in Xilinx FPGAs. Namely, while Xilinx utilizes a 
large, complex CLB, Actel advocates a small, simple LM. Research has 
shown [Sing91] that both of these approaches have their merits, and the best 
choice for a programmable block depends on the speed performance and area 
requirements of the routing architecture. As Figure 2.15 shows, the Act-l 
LM is based on a configuration of multiplexers, which can implement any 
function of two variables, most functions of three, some of four, up to a total 
of 702 logic functions [Mail90a]. 

The Act-l routing architecture is illustrated in Figure 2.16, which for 
clarity shows only the routing resources connected to the LM in the middle 
of the picture. The Act-l employs four distinct types of routing resources: 
Input segments, Output segments, Clock tracks, and Wiring segments. Input 
segments connect four of the LM inputs to the Wiring segments above the 
LM and four to those below, while an Output segment connects the LM out­
put to several channels, both above and below the module. The Wiring seg­
ments consist of straight metal lines of various lengths that can be connected 
together through anti-fuses to form longer lines. The Act-l features 22 tracks 
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Figure 2.14 - General Architecture of Actel FPGAs. 

Series Number of LMs Equivalent Gates 
Act-1 295 - 546 1200 - 2000 

Act-2 430 - 1232 ·6250 - 20000 

Table 2.4 - Actel FPGA Logic Capacities. 
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Logic 
Module Rews 

of Wiring segments in each routing channel and 13 vertical tracks that lie 
directly on top of each LM column. Note that the figure shows only three 
vertical tracks lying on top of one LM column, but this is only to avoid 
cluttering of the diagram. Clock tracks are special low-delay lines that are 
used for signals that must reach many LMs with minimum skew. 

2.2.2.2 Actel Act-2 

The Act-2 device, an enhanced version of the Act-I, contains two dif­
ferent programmable blocks, called the C (Combinational) module and the S 
(Sequential) module. The C module is very similar to the Act-l LM, 
although slightly more complex, while the S module is optimized to imple­
ment sequential elements (flip-flops). 

The Act-2 routing architecture is also similar to that found in the Act-I. 
It features the same four types of routing resources, but the number of tracks 
is boosted to 36 in each routing channel and 15 in each column. 
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Figure 2.16 - Act-l Programmable Interconnect Architecture. 

2.2.3 Altera FPGAs 

Altera FPGAs [Alt90] are considerably different from the others dis­
cussed so far because they represent a hierarchical grouping of Programm­
able Logic Devices. Nonetheless, they are FPGAs because they employ a 
two-dimensional array of programmable blocks and a programmable routing 
structure, they implement multi-level logic, and they are user-programmable. 
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Altera's general architecture, which is based on an EPROM programming 
technology, is illustrated in Figure 2.17. It consists of an array of large pro­
grammable blocks, called Logic Array Blocks (LABs), interconnected by a 
routing resource called the Programmable Interconnect Array (PIA). The 
logic capacities of the two generations of Altera FPGAs are listed in Table 
2.5. We will focus on the EPM5000 series device here. 
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Figure 2.17 - General Architecture of Altera FPGAs. 

Series Number of LABs Equivalent Gates 
EPM5000 1 - 12 2000 -7500 

EPM7000 1 - 16 2000 - 20000 

Table 2.5 - Altera FPGA Logic Capacities. 

The Altera FPGA is a 2-level hierarchical grouping of logic blocks, 
called macrocells. The first level of the hierarchy, called a LAB, is illus­
trated in Figure 2.18. In addition to the macrocells, each LAB contains 
another kind of block, called the expander product terms. The number of 
macrocells in each LAB varies with the Altera device. As illustrated in Fig­
ure 2.19, each macrocell comprises three wide AND gates that feed an OR 
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gate connected to an XOR gate, and a flip-flop. The XOR gate generates the 
macrocell output and can optionally be registered. 

Figure 2.18 • Altera LAB. 

In Figure 2.19, the inputs to the macrocell are shown as single-input 
AND gates because each is generated as a wired-AND (called a p-term) of 
the signals drawn on the left-hand side of the figure. A p-term can include 
any signal in the PIA, any of the LAB expander product terms (described 
below), or the output of any other macrocell. Each signal is available in true 
or complemented form, a feature we call programmable inversion. With this 
arrangement, the LAB functions much like a PLD, but with fewer product 
terms per register (there are usually at least eight product terms per register 
in a PLD). Altera claims [Alt90] that this makes the LAB more efficient 
because most logic functions do not require the large number of p-terms 
found in PLDs and the LAB supports wide functions by way of the expander 
product terms. 

As illustrated in Figure 2.20, each expander product terms block con­
sists of a number of p-terms (the number shown in the figure is only sugges­
tive) that are inverted and fed back to the macrocells, and to itself. This 
arrangement permits the implementation of very wide logic functions 
because any macrocell has access to these extra p-terms. 

The second level of the hierarchy provides connections among the 
LABs, which is accomplished through the PIA in Figure 2.17. The PIA con­
sists of a number of long wiring segments that pass adjacent to every LAB. 
The PIA provides complete connectivity because each LAB input can be pro­
grammably connected to the output of any LAB, without constraints. 
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2.2.4 Plessey FPGA 

The Plessey FPGA is called an Electrically Reconfigurable Array. It 
uses static RAM programming technology and consists of a regular two­
dimensional array of logic blocks overlayed with a dense interconnect 
resource. With the routing resources placed on top of the logic blocks, these 
devices resemble the Sea-Of-Gates architecture used in some MPGAs. 
According to Plessey, their family of FPGA devices offers equivalent gate 
counts from 2000 to 40000 gates. 

Each Plessey logic block, as shown in Figure 2.21, is relatively simple, 
containing an eight-to-two multiplexer that feeds a NAND gate, and a tran­
sparent latch. The multiplexer is controlled by a static RAM block and is 
used to connect the logic block to the routing resources, which comprise wir­
ing segments of various lengths: Local interconnect for short connections, 
Short Range interconnect for moderate-length connections, and Long Range 
interconnect for long connections. 
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Figure 2.21 • Plessey Logic Block. 

2.2.5 Plus Logic FPGA 

The Plus Logic FPGA consists of two columns of four logic blocks, 
called Functional Blocks (FBs), that can be fully interconnected by a Univer­
sal interconnect Matrix (a full crossbar switch). The logic capacity of the 
Plus FPGA, which uses the EPROM programming technology, is 2000 to 
4000 equivalent gates. 

Compared to the first three FPGA architectures that were described in 
detail, this device is most like an Altera FPGA, but the FBs are even more 
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complex than the Altera LABs. Figure 2.22 depicts the structure of an FB. 
Each FB comprises a wide AND plane that feeds an OR plane, similar to a 
PLA device. The OR plane drives a third plane, which generates the nine 
(optionally registered) outputs of an FB. Each of these outputs is 
configurable to be any function of two terms from the OR array and one out­
put of any other FB. 

2.2.6 Advanced Micro Devices (AMD) FPGA 

The AMD FPGA, based on EEPROM technology, can be considered to 
be an array of PAL devices that are interconnected by a switch matrix, simi­
lar to an Altera FPGA. The logic capacity of this FPGA varies from two to 
eight PAL blocks, or 900 to 3600 equivalent gates. Each PAL block consists 
of three main parts: an AND-plane, a Logic Allocator (LA), and a set of six­
teen macrocells. The structure of the PAL block is shown in Figure 2.23. As 
the figure shows, the AND-plane feeds the LA, and the LA drives the macro­
cells. The LA distributes an appropriate number (the number is variable) of 
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the product terms (p-terms) from the AND plane to individual macrocells. 
Each macrocell provides an optionally registered OR function of its p-terms. 
The macrocell outputs are fed back to the other PAL blocks via the switch 
matrix. 

,---------------------, 
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I 
I 

Switch I 

I 
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I 
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Figure 2.23 -AMD PAL Block. 

2.2.7 QuickLogic FPGA 

I 
I 

The QuickLogic FPGA [Birk91] consists of a regular two-dimensional 
array of blocks called pASIC Logic Blocks (pLBs). The logic capacities of 
the first generation of QuickLogic FPGAs is between 48 and 380 pLBs, or 
500 to 4000 equivalent MPGA gates. QuickLogic claims that their logic 
capacity figures are more realistic than those quoted by other FPGA 
manufacturers. In terms of those other devices, according to [Birk91], the 
QuickLogic FPGAs have logic capacities of 1500 to 12000 gates. 

The structure of each pLB is shown in Figure 2.24. It comprises four 
two-input AND gates feeding two two-input multiplexers, which feed a third 
multiplexer. The two first-stage multiplexers' select lines are driven by a 
six-input AND gate, and the second-stage multiplexer's select line is driven 
by another six-input AND gate. The second-stage multiplexer provides the 
block output, which can be optionally registered by a D flip-flop. In addi­
tion, the 6-input NAND gates can be used directly as pLB outputs. 

The pLBs are interconnected by horizontal and vertical routing chan­
nels that provide full connectivity, in that every horizontal wire can be 
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Figure 2.24 - QuickLogic Logic Block. 

connected to every vertical wire that it crosses. The pLBs are only directly 
connected to the vertical tracks that pass to the left of the logic block, but 
every logic block pin can be connected to every one of these tracks. Pro­
grammed connections are formed in QuickLogic FPGAs using the ViaLink 
anti-fuse that was described in Section 2.1.2. As shown earlier, the ViaLink 
anti-fuse boasts very low ON resistance and parasitic capacitance. Compared 
with other FPGAs, the QuickLogic devices are most like those from Acte!. 

2.2.8 Algotronix FPGA 

The Algotronix FPGA is organized as a 32 x 32 array of configurable 
blocks. Each block can only be directly connected to its four neighbors (left, 
right, above, below), but longer connections can be formed by routing signals 
through blocks (each block has special outputs that are available for this pur­
pose). The Algotronix FPGA uses the static RAM programming technology, 
implementing connections with multiplexers. The devices have a logic capa­
city of 1024 programmable blocks, or 5000 equivalent gates. 

As shown in Figure 2.25, the configurable blocks comprise several 
multiplexers that drive a Function Unit. The Function Unit is capable of 
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implementing any logic function of its Xl and X2 inputs, or it can alterna­
tively be configured as a D-type latch. Although not shown in the figure, the 
configurable block also has four additional outputs that are used for routing 
signals directly through the block. 

Compared to the other FPGAs, the Algotronix part is most like the 
Sea-of-Gates architecture offered by Plessey. One major difference is that 
the Plessey architecture has interconnect of various lengths, while the Algo­
tronix FPGA has only nearest-neighbor interconnect. Also, Plessey's part 
uses a NAND-gate as its basic logic block, whereas Algotronix employs the 
more complex Function Unit. An interesting feature of the Algotronix FPGA 
is the design of its external I/O pins. Each pin is constructed in a way that 
allows its use as both an input and an output at the same time (here, a 3-level, 
or ternary logic, is used). By increasing the connectivity between Algotronix 
FPGAs, this feature provides an enhanced facility for distributing a single 
design over multiple chips. 
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Figure 2.25 - Algotronix Function Unit. 

2.2.9 Concurrent Logic FPGA 

The CF A6006 FPGA, offered by Concurrent Logic, is based on a two­
dimensional array of identical blocks, where each block is symmetrical on its 
four sides. The array holds 3136 of these blocks, providing a total logic 
capacity of about 5000 equivalent gates. Connections are formed using mul­
tiplexers that are configured by a static RAM programming technology. 

The structure of the Concurrent Logic Block, shown in Figure 2.26, 
comprises user-configurable multiplexers, basic gates, and and a D-type flip­
flop. The Concurrent FPGA is especially well suited for register-intensive 
and arithmetic applications since the Logic Block can easily implement a 
half-adder and a register bit. There are two direct connections (called A and 
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B) between each logic block and its four neighbors. Longer connections can 
be fonned by routing signals through the multiplexers within the blocks (see 
Figure 2.26). Alternatively, although not shown in Figure 2.26, long connec­
tion can be implemented using a "bussing network", which can be viewed as 
wires of various lengths that are superimposed over the array of Logic 
Blocks. 

A Inputs B Inputs 

North East South West '1' North East South West '1' 

North East South West North East South West 

A Outputs B Outputs 

Figure 2,26 • Concurrent Logic Block. 

2,2,10 Crosspoint Solutions FPGA 

The Crosspoint FPGA [Marp92] differs from the others described thus 
far because it is configurable at the transistor level, as opposed to the logic 
block level. Basically, the architecture consists of rows of transistor pairs, 
where the rows are separated by horizontal wiring segments. Vertical wiring 
segments are also available, for connections among the rows. Each transistor 
row comprises two lines of series-connected transistors, with one line being 
NMOS and the other PMOS. The wiring resources allow individual transis­
tor pairs to be interconnected to implement CMOS logic gates. The 
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programming technology used for the programmable switches is similar to 
the ViaLink anti-fuse described earlier, in that it is based on amorphous sili­
con. 

The structure of the transistor pair rows is illustrated by Figure 2.27. 
The figure shows the implementation of a NOR-gate and a NAND-gate using 
the transistor lines. As the figure indicates, transistor gates, sources and 
drains can be programmably interconnected to other transistors and also to 
power and ground. The series connection across the lines is broken where 
necessary by permanently holding a transistor in its OFF state. A wide range 
of logic gates can be implemented by the transistor lines and the interconnec­
tion patterns shown in the figure is only suggestive. 

The FPGA currently offered by CrossPoint Solutions has a total logic 
capacity of 4200 gates. The chip has 256 rows of transistor pairs and an 
additional 64 rows of multiplexer-like structures not previously mentioned. 
With its row-based architecture, anti-fuse programming technology and mul­
tiplexers, the CrossPoint FPGA is most like those from Actel. 

NOR2 NAND4 

Figure 2.27 - Crosspoint Transistor Pairs. 

2.3 FPGA Design Flow Example 

This section indicates how a user's logic circuit can be implemented in 
an FPGA by describing the Xilinx design flow as an example. The Xilinx 
methodology has been selected because it provides a good example of the 
many steps involved in a typical FPGA CAD system. The design flow is 
depicted in Figure 2.28. As shown, the initial step in the process is the 
description of the logic circuit, which can be accomplished via a schematic 
capture tool or with Boolean expressions. This is followed by a translation 
that converts the original circuit description into a standard format used by 
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the Xilinx CAD tools. The circuit is then passed through CAD programs that 
partition it into appropriate logic blocks (depending on which Xilinx part is 
being used), select a specific location in the FPGA for each logic block, and 
form the required interconnections. The performance of the implemented 
circuit can then be checked and its functionality verified. Finally, a bitmap is 
generated and can be downloaded in a serial fashion to configure the FPGA. 
Each of the steps from Figure 2.28 are described in more detail in the follow­
ing sections. 

2.3.1 Initial Design Entry 

The description of the logic circuit can be entered using a schematic 
capture program. This involves using a graphical interface to interconnect 
circuit blocks. The available building blocks are taken from a component 
library. The library may be supplied by the vendor of the schematic capture 
program or by Xilinx itself, and is designed specifically for the Xilinx FPGA 
being used. As shown in Figure 2.28, schematic capture programs are 
offered by a wide variety of vendors. 

An alternative way to specify the logic circuit is to use a Boolean 
expression or State Machine language. With this method, no graphical inter­
face is involved. As Figure 2.28 shows, a number of different languages are 
available to support this option. 

As the structure of Figure 2.28 indicates, it is also possible to use a 
mixture of the schematic capture and Boolean expression methods. The 
separate parts of the design are automatically merged after they are translated 
to the XNF format. 

2.3.2 Translation to XNF Format 

After the logic circuit has been fully designed and merged into one cir­
cuit, it is translated into a special format that is understood by Xilinx CAD 
tools. This format is called the Xilinx Netlist Format, or XNF. The transla­
tion utility is supported either by Xilinx or by the vendor of the logic entry 
tool. The translation process may also involve automatic optimizations of 
the circuit. 

2.3.3 Partition 

The XNF circuit is next partitioned into Xilinx Logic Cells. Note that 
the word partition is used by Xilinx, but the more common term for this step 
is technology mapping. Technology mapping converts the XNF circuit, 
which is a netlist of basic logic gates, into a netlist of Xilinx Logic Cells. 
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Figure 2.28 - The Xilinx Design Flow. 
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The Logic Cell used depends on which Xilinx product the circuit is to imple­
mented in. The mapping procedure attempts to optimize the resulting circuit, 
either to minimize the total number of Logic Cells required, or the number of 
stages of Logic Cells in time-critical circuitry. 

2.3.4 Place and Route 

This step can be done automatically by CAD tools, manually by the 
user, or a mixture of the two. The first step is placement, in which each 
Logic Cell generated during the partitioning step is assigned to a specific 
location in the FPGA. Automatic placement is done using the Simulated 
Annealing algorithm [Sech87]. 

Following placement, the required interconnections among the Logic 
Cells must be realized by selecting wire segments and routing switches 
within the FPGA's interconnection resources. An automatic routing algo­
rithm is provided for this task, based on a Maze Routing algorithm [Lee61]. 

Ideally, the placement and routing steps should be completely 
automatic, but in some cases manual assistance on the part of the user is 
required. 

2.3.5 Performance Calculation and Design Verification 

Once the circuit is routed, the physical paths of all signals within the 
FPGA are known. It is therefore possible to check the performance of the 
implementation, which can be done either by downloading the configuration 
bits into the FPGA and checking the part within its circuit board, or by using 
an interface to a timing simulation program. If the performance or func­
tionality of the circuit is not acceptable, it will be necessary to modify the 
design at some point in the design flow. Once the timing and functionality is 
verified, the circuit implementation is complete. 

2.4 Concluding Remarks 

It should be clear by this point that a wide variety of FPGAs are com­
mercially available. This chapter has described features of FPGAs from ten 
companies, without attempting to decide which architectural features are 
best. These issues are examined in the subsequent chapters. 
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As mentioned in Chapter 1, the CAD system for a given FPGA performs 
several tasks needed to arrive at the final implementation of a circuit. This 
chapter focuses on the logic synthesis step in the CAD system, which con­
sists of two separate phases called logic optimization and technology map­
ping. As illustrated in Figure 3.1, the original logic network is first manipu­
lated by a logic optimization program, which produces an optimized network 
that is functionally equivalent to the original network. Logic optimization 
for FPGAs involves the same tasks as for other environments. Since a 
number of well-known logic optimization techniques have been described in 
several publications, we will only discuss it briefly in this chapter. 

Following logic optimization, the technology mapping phase 
transforms the optimized network into a circuit that consists of a restricted 
set of circuit elements. In the FPGA environment, the circuit elements are 
the FPGA' s logic blocks. This chapter examines the task of technology map­
ping in detail. It uses two types of FPGAs as examples: those that have logic 
blocks based on lookup tables (LUTs) and those that are based on multi­
plexers. 
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Logic Synthesis 
~------~------~ 

Logic Optimization 

optimized circuit 

Figure 3.1 - Logic Synthesis. 

3.1 Logic Synthesis 
In this chapter, it is assumed that the original network to be manipu­

lated by the logic synthesis tools is composed of a number of combinational 
functions. A network that contains flip-flops can also be processed, but it 
would first be broken up into a set of combinational functions at flip-flop 
boundaries. When read by the logic optimization phase, the network 
specifies a set of primary inputs that feed the combinational functions, and a 
set of primary outputs that are generated by the combinational functions. 

One way to represent a set of combinational functions is to use a 
Directed Acyclic Graph (DAG) referred to as a Boolean network. An exam­
ple of a small Boolean network is given in Figure 3.2. This network specifies 
a combinational function that has five primary inputs, a, b, c, d, e, and one 
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abc d e 

z 

Figure 3.2 - A Boolean Network. 

primary output, z. Each node in the Boolean network defines a function 
represented by a variable associated with the node. This function can be 
specified as a local function of the node's inputs, or as a global function of 
the network's primary inputs. For example, the node y in Figure 3.2 
represents the local function y = a + bc, and the node z represents the global 
function z =( a + bc) d +e. 

As Figure 3.1 illustrates, the end result of logic synthesis is an optim­
ized circuit implementing the original Boolean network. The optimization 
goal is typically based on a measure of the area of the circuit, its speed per­
formance, or both. The final circuit is also represented by a Boolean net­
work. In the FPGA environment, each node represents an FPGA logic block 
and the local function of the node specifies the function implemented by the 
logic block. 

3.1.1 Logic Optimization 

The initial phase of many logic synthesis systems, for example misII 
[Bray87] and BOLD [Bost87], restructures the original network to reduce a 
cost function that is calculated directly from the network itself. The inten­
tion is to improve the final circuit by reducing the complexity of the network. 
Since this phase does not consider the type of element that will be used for 
the final circuit, it is called technology-independent logic optimization. The 
modifications applied to the network typically include redundancy removal 
and common subexpression elimination. Logic optimization may also 
exploit don't cares in the specification of the desired combinational function 
to simplify the network. 
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In the misII synthesis system the complexity of a network is measured 
by counting the number of literals in the local function for each node. Each 
local function is a sum-of-products expression and each instance of a variable 
counts as one literal. For example, the following 4-input, 2-output network 
has 11 literals 

j=ac+ad+bc+bd 

g=a+b+c 

The complexity of this network can be reduced by the following 
modifications. The expression (a + b) is factored out of the equations for 
nodes j and g, and a new node e, implementing the function a + b, is created. 
The variable e is then substituted back into the equations for nodes j and g, 
resulting is the following 7 literal network. 

e=a+b 

j=e(c+d) 

g =e +c 

3.1.2 Technology Mapping 

After logic optimization has produced the optimized network, technol­
ogy mapping transforms this network into the final circuit. This is done by 
selecting pieces of the network that can each be implemented by one of the 
available circuit elements, and specifying how these elements are to be inter­
connected. The circuit is optimized to reduce a cost function that typically 
incorporates measures of both area and delay. Conventional approaches to 
technology mapping have focused on using circuit elements from a limited 
set of simple gates, such as a Standard Cell library. The complex logic 
blocks used in FPGAs present difficulties for library-based approaches 
because they can each implement a large number of functions. The next sec­
tion briefly discusses library-based technology mapping, and the following 
sections describe technology mapping programs developed specifically for 
lookup table and multiplexer-based FPGAs. 

3.1.2.1 Library-Based Technology Mapping 

An important advance in technology mapping for conventional techno­
logies was the formalization introduced by Keutzer in DAGON [Keut87], 
and also used in misII [Detj87]. In this formalization, the set of available 
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circuit elements is represented as a library of functions and the construction 
of the optimized circuit is divided into three subproblems: decomposition, 
matching and covering. 

The original network is first decomposed into a canonical 2-input 
NAND representation. This decomposition guarantees that there will be no 
nodes in the network that are too large to be implemented by any library ele­
ment, provided that the library includes a 2-input NAND. Note, however, 
that there are many possible 2-input NAND decompositions and that the one 
selected may not be the best decomposition. 

After decomposition, the network is partitioned into a forest of trees. 
the optimal subcircuit covering each tree is constructed, and finally the cir­
cuit covering the entire network is assembled from these subcircuits. To 
form the forest of trees, the decomposed network is partitioned at fanout 
nodes into a set of single-output subnetworks. Each of these subnetworks is 
either a tree of a leaf-DAG. A leaf-DAG is a multi-input single-output DAG 
where only the input nodes have fanout greater than one. Each leaf-DAG is 
converted into a tree by creating a unique instance of every input node for 
each of its multiple fanout edges. 

The optimal circuit implementing each tree is constructed using a 
dynamic programming traversal that proceeds from the leaf nodes to the root 
node. For every node in the tree an optimal circuit implementing the subtree 
extending from the node to the leaf nodes is constructed. This circuit con­
sists of a library element that matches a subfunction rooted at the node and 
previously constructed circuits implementing its inputs. The cost of the cir­
cuit is calculated from the cost of the matched library element and the cost of 
the circuits implementing its inputs. To find the lowest-cost circuit, DAGON 
first finds all library elements that match subfunctions rooted at the node. 
The cost of the circuit using each of the candidate library elements is then 
calculated and the lowest cost circuit is retained. The set of candidate library 
elements is found by searching through the library and using tree matching 
[Ah085] to determine if each library element matches a subfunction rooted at 
the node. 

As an example of the above procedure, consider the library shown in 
Figure 3.3 and the Boolean network in Figure 3.4. In this example, the 
library elements are standard cells and costs are given in terms of the area of 
the cells. The cost of the INV, NAND-2 and AOI-21 cells are 2, 3, and 4 
respectively. In Figure 3.4a, the only library element matching at node E is 
the NAND-2 and the cost of the optimal circuit implementing node E is 
therefore 3. At node C the only matching library element is also the 
NAND-2. The cost of this NAND-2 is 3 and the cost of the optimal circuit 
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Figure 3.3 - A Standard Cell Library. 

a) cost = 13 b) cost = 7 

Figure 3.4 - Mapping using Dynamic Programming. 

implementing its input E is also 3. Therefore, the cumulative cost of the 
optimal circuit implementing node C is 6. 

Eventually, the algorithm will reach node A. For node A there are two 
matching library elements, the INV, as used in Figure 3.4a, and the AOI-21, 
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as used in Figure 3.4b. The circuit constructed using the INV matching A 
includes a NAND-2 implementing node B, a NAND-2 implementing node C, 
an INV implementing node D, and a NAND-2 implementing node E. The 
cumulative cost of this circuit is 13. The circuit constructed using the AOI-
21 matching A includes a NAND-2 implementing node E. The cumulative 
cost of this circuit is 7. The circuit using the AOI-21 is therefore the optimal 
circuit for implementing node A. 

The tree matching algorithm requires that each library function be 
represented as a 2-input NAND decomposition. For some functions, how­
ever, there are many possible decompositions. The inclusion of all decompo­
sitions can significantly increase the size of the library and the computational 
cost of the matching algorithm. 

3.2 Lookup Table Technology Mapping 
Having introduced both logic optimization and technology mapping in 

the previous section, we will now consider technology mapping for lookup 
table circuits. Lookup tables (LUTs) are the basis of logic blocks in FPGAs 
from Xilinx, as described in Chapter 2. A K-input LUT is a digital memory 
that can implement any Boolean function of K variables. The K inputs are 
used to address a 2K by I-bit memory that stores the truth table of the 
Boolean function. The major obstacle in applying library-based technology 
mapping approaches to LUT circuits is the large number of different Junc­
tions that a LUT can implement. A K-input LOT can implement 22 dif­
ferent Boolean functions!, However, the library representing a K-input LUT 
need not include all 22 different functions, because input permutations, 
input inversions and output inversions can be used to reduce the number of 
functions in the library. For example there are 256 different 3-input func­
tions, but considering input permutations there are only 80 different func­
tions and considering input inversions and output inversions, there are only 
14 different functions. However, the matching algorithms used in library­
based technology mappers require the expansion of the library to include all 
possible decompositions of each function. For values of K greater than 3 the 
size of the library required to represent a K-input lookup table becomes 
impractically large. For this reason, new approaches to technology mapping 
are required for lookup table-based FPGAs. 

There exist a number of LUT technology mappers, including: Chortle 
[Fran90] [Fran91a] [Fran9Ib], mis-pga [Murg90] [Murg9Ia] [Murg91b], 
Asyl [Abou90], Hydra [Fil091], Xmap [Karp9Ia] and VISMAP [Woo9Ia]. 
All of these programs map a Boolean network into a circuit of K-input LUTs, 
attempting to minimize either the total number of LUTs or the number of 
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levels of LUTs in the final circuit. Minimizing the total number of LUTs 
allows the implementation of larger logic networks with the fixed number of 
lookup tables available in a given FPGA, and minimizing the number of lev­
els improves the speed-performance of circuits. Chapter 4 discusses these 
issues at length. The following sections describe one algorithm, Chortle-crf, 
in detail and discuss the major features of the others. 

3.2.1 The Chortle-crt Technology Mapper 

Chortle-crf [Fran91a] maps a Boolean network into a circuit of K-input 
LUTs. Its objective is to minimize the number of LUTs in the final circuit. 
The nodes in the original network represent AND or OR functions, and 
inversion is identified by labelling edges. For example, in Figure 3.5a nodes 
a to m are the primary inputs of the network, and node z is the primary out­
put. In this figure inverted edges are represented by a circle at the destination 
of the edge. The function specified for the primary output z is 

z = (abc + de!) (g + h + i )(jk + 1m) . 

Figure 3.5b illustrates a circuit of 5-input LUTs implementing the 
Boolean network shown in Figure 3.5a. The dotted boundaries indicate the 
functions implemented by each LUT. The LUT y implements the Boolean 
function y = jk + 1m and the LUT z implements the Boolean function 
z = x (g + h + i ) y. Note that LUT y uses only 4 of the 5 available inputs. All 
examples in the remainder of this section will assume that the value of K is 
equal to 5. 

The overall strategy used by Chortle-crf is similar to the library-based 
approach introduced by DAGON [Keut87]. The original network is first par­
titioned into a forest of trees and then each tree is separately mapped into a 
subcircuit of K-input LUTs. The final circuit is then assembled from the sub­
circuits implementing the trees. 

The major innovation of Chortle-crf is that it simultaneously addresses 
the decomposition and matching problems using a bin-packing approxima­
tion algorithm. The correct decomposition of network nodes can reduce the 
number of LUTs required to implement the network. For example, consider 
the circuit of 5-input LUTs shown in Figure 3.6a. The shaded OR node is 
not decomposed, and four 5-input LUTs are required to implement the net­
work. However, if the OR node is decomposed into the two nodes shown in 
Figure 3.6b, then only two LUTs are required. The challenge is to find the 
decomposition of every node in the network that minimizes the number of 
LUTs in the final circuit. 
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Figure 3.5 - Mapping a Network. 

The next section describes how dynamic programming and bin packing 
are used to construct the circuit of K-input LUTs implementing each tree. 
Later sections will consider local optimizations at fanout nodes that further 
reduce the number of LUTs in the circuit by exploiting reconvergent paths 
and the replication of logic. 

3.2.1.1 Mapping Each Tree 

After the original network has been partitioned into a forest of trees, 
each tree is separately mapped into a circuit of K-input LUTs. Figure 3.7 
outlines in pseudo-code the dynamic programming approach used to map 
each tree. The tree is traversed from its leaf nodes to its root node, and at 
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a) Without decomposition, 4 LUTs 

b) With decomposition, 2 LUTs 

Figure 3.6 - Decompositions of a Node. 

each node a circuit of LUTs implementing the subtree extending to the leaf 
nodes is constructed. For leaf nodes, this circuit is simply a single LUT 
implementing a buffer function. At non-leaf nodes the circuit is constructed 
from the circuits implementing the node's fanin nodes. The order of the 
traversal ensures that these fanin circuits have been previously constructed. 

The circuit implementing a non-leaf node consists of two parts. The 
first part, referred to as the decomposition tree, is a tree of LUTs that imple­
ments the functions of the root LUTs of the fanin circuits and a decomposi­
tion of the non-leaf node. The second part is the non-root LUTs of the fanin 
circuits. For example, Figure 3.8a illustrates the circuits implementing the 
three fanin nodes of node z. The LUTs w, x, and yare the root LUTs of these 
fanin circuits and the LUTs s, t, U, and v are the non-root LUTs. Figure 3.8b 
illustrates the circuit implementing node z that is constructed from the fanin 
circuits. It includes the non-root LUTs s, t, U, and v, and the decomposition 
tree consisting of LUTs w, z. 1, and z. Note that the node z has been decom­
posed, and the new node z. 1 has been introduced. 
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MapTree (tree) { 

} 

1* construct circuit implementing tree *1 

traverse tree from leaves to root, at each node { 
if node is a leaf 

Circuit[node] f- single LUT buffering node 
else 

Circuit[node] f- MapNode (node) 
} 
return (Circuit[root)) 

MapNode (node) { 
1* construct circuit implementing node *1 

1* separate fanin LUTs *1 

55 

faninLUTs f- root LUTs of Circuit fjanin] for allfanin nodes 
precedingLUTs f- non-root LUTs of Circuit [fanin] for allfanin nodes 

1* construct decomposition tree *1 
decomposition Tree f- DecomposeNode (node, faninLUTs) 

1* join decomposition tree and preceding LUTs *1 
circuit f- decomposition Tree u precedingLUTs 

return (circuit) 

Figure 3.7 - Pseudo-codefor Mapping a Tree. 

The essence of the dynamic programming approach is to construct the 
optimal circuit implementing each non-leaf node using the optimal circuits 
implementing its fanin nodes. The key to the algorithm is the definition of 
the optimal circuit. The principal optimization goal is to minimize the 
number of LUTs in the circuit, and the secondary goal is to minimize the 
number of inputs that the circuit's root LUT uses. This secondary goal is the 
key to ensuring that the optimal circuit implementing the non-leaf node is 
constructed from the optimal circuits implementing its fanin nodes. 

Given that each fanin circuit contains the minimum number of LUTs, 
minimizing the number of LUTs in the decomposition tree minimizes the 
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number of LUTs in the circuit implementing the non-leaf node. An impor­
tant observation is that, for a given set of fanin circuits the number of LUTs 
in the best decomposition tree depends upon the number of inputs that the 
root LUT of each fanin circuit uses. 
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b) Circuit implementing node z 

Figure 3.8 - Mapping a Node. 
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Consider two alternative circuits implementing one of the fanin nodes. 
Both alternatives contain the minimum number of LUTs, but the root LUT of 
the first one uses fewer inputs than the root LUT of the second one. The best 
decomposition tree constructed using the smaller root LUT may contain 
fewer LUTs than the best decomposition tree constructed using the larger 
root LUT. To ensure that the decomposition tree contains the minimum 
number of LUTs, the root LUT of each fanin circuit should use the minimum 
number of inputs. Therefore, the optimal circuit implementing each fanin 
node must contain the minimum number of LUTs and its root LUT must use 
the minimum number of inputs. 

The dynamic programming approach requires that the optimal circuit 
implementing the non-leaf node satisfy the same optimization goals as the 
optimal circuits implementing the fanin nodes. Therefore the optimal circuit 
implementing the non-leaf node must also contain the minimum number of 
LUTs and its root LUT must use the minimum number of inputs. This 
requires that the decomposition tree contain the minimum number of LUTs 
and that its root LUT use the minimum number of inputs. The following sec­
tion describes how the decomposition tree is constructed. 

3.2.1.2 Constructing the Decomposition Tree 
At each non-leaf node the decomposition tree implementing the func­

tions of the root LUTs of the fanin circuits and a decomposition of the non­
leaf node is constructed in two steps. The first step packs the root LUTs into 
what are called second-level LUTs. The second step connects these LUTs to 
form the complete decomposition tree. 

Consider the node z and its fanin circuits shown in Figure 3.9a. This 
figure shows only the root LUTs of the fanin circuits, which are referred to as 
the fanin LUTs. Figure 3.9b shows the two-level decomposition constructed 
by the first step and Figure 3.9c shows the complete decomposition tree. 
Each second-level LUT implements some subset of the fanin LUTs and the 
corresponding decomposition of the node z. In Figure 3.9b the LUT z. I 
implements the functions of the fanin LUTs u and v. In Figure 3.9c the out­
put of LUT z. 1 has been connected to an input of LUT z. 2 and the output of 
LUT z. 2 has been connected to an input of LUT z to form the complete 
decomposition tree. Note that in this example the fanin LUTs each imple­
ment a single AND gate, but in general the fanin LUTs can implement more 
complicated functions. 

For a given set of fanin LUTs, the optimal decomposition tree contains 
the minimum number of LUTs and its root LUT uses the minimum number 
of inputs. The key to the construction of the optimal decomposition tree is 
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Figure 3.9 - Constructing the Decomposition Tree. 

the construction of the two-level decomposition that contains the minimum 
number of LUTs. The major innovation of Chortle-crf is to approach the 
construction of two-level decomposition as a bin-packing problem. This 
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approach is based on the observation that the function of each fanin LUT 
must be implemented completely within one LUT of the final decomposition 
tree. 

In general, the goal of bin packing is to find the minimum number of 
subsets into which a set of items can be partitioned such that the sum of the 
sizes of the items in every subset is less than or equal to a constant C. The 
subsets can be viewed as a set of boxes packed into a bin of capacity C. In 
the construction of the two-level decomposition, the boxes are the fanin 
LUTs, and the bins are the second-level LUTs. The size of each box is its 
number of used inputs and the capacity of each bin is K. For example, in 
Figure 3.9a the boxes have sizes 3, 2, 2, 2, and 2. In Figure 3.9b the final 
packed bins have filled capacities of 5,4, and 2. 

Bin packing is known to be an NP-hard problem [Gare79], but there 
exist several effective approximation algorithms. The procedure used to con­
struct the two-level decomposition, outlined as pseudo-code in Figure 3.10, 
is based on the First Fit Decreasing (FFD) algorithm. The fanin LUTs are 
referred to as boxes and the second-level LUTs are called bins. The pro­
cedure begins with an empty list of bins. The boxes are first sorted by size, 

FirstFitDecreasing (node, faninLUTs) { 
1* construct two level decomposition *1 

boxList ~ faninLUTs sorted by decreasing size 
binList~ 0 

while (boxList is not 0) { 

} 

box ~ largest lookup table from boxList 
find first bin in binList such that size (bin) + size (box) Sf( 

if such a bin does not exist { 

} 

bin ~ a new lookup table 
add bin to end of binList 

pack box into bin, 
1* implies decomposition of node *1 

return (binList) 

Figure 3.10 - Pseudo-code for Two-level Decomposition. 
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and are then packed into bins one at a time, beginning with the largest box 
and proceeding in order to the smallest box. Each box is packed into the first 
bin in the list that has an unused capacity greater than or equal to the size of 
the box. If no such bin exists then a new bin is added to the end of the bin 
list and the box is packed into this new bin. Note that packing more than one 
box into a bin requires the introduction of a second-level decomposition 
node. For example, in Figure 3.9b when boxes u and v are packed into a bin 
this requires the introduction of the second-level decomposition node z. 1. 

The procedure used to convert the two-level decomposition into the 
multi-level decomposition is outlined as pseudo-code in Figure 3.11. The 
second-level LUTs are first sorted by their size. Then, while there is more 
than one second-level LUT remaining, the output of the LUT with the 
greatest number of used inputs is connected to the first available unused 
input in the remaining LUTs. If no unused inputs remain then an extra LUT 
is added to the decomposition tree. Note that the decomposition node in the 
destination LUT is altered, and now implements part of the first level node. 

DecomposeNode (node, janinLUTs) { 
1* construct tree of LUTs *1 
1* implementingjanin LUTs and decomposition of node *1 

1* construct two level decomposition *1 
packedLUTs = FirstFitDecrea~ing (node, janinLUTs) 
lookList r packedLUTs sorted by decreasing size 

while (lookList contains more than one lookup table) { 
src r largest lookup table from lookList 

} 

find first dst in lookList such that size (dst) + 1 g( 

if such a dst does not exist { 

} 

dst r a new lookup table 
add dst to end of lookList 

connect src output to dst input, 
1* implies decomposition of node *1 

return (lookList) 

Figure 3.11 - Pseudo-code jor Multi-level Decomposition. 
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For example, in Figure 3.9c when LUT z. 1 is connected to LUT z. 2 the 
decomposition node z. 2 is altered. This procedure constructs the optimal 
decomposition tree provided that the two-level decomposition contains the 
minimum number of LUTs and that its least filled LUT is as small as possi­
ble. 

3.2.1.3 Optimality 

The goal of Chortle-crf is to minimize the number of K-input LUTs 
required to implement the original Boolean network. The original network is 
first partitioned into a forest of trees and each of these is mapped separately. 
The final circuit implementing the original network is assembled from the 
subcircuits implementing the trees. For each tree, the subcircuit constructed 
by Chortle-crf is optimal provided that the value of K is less than or equal to 
5 [Fran92]. For these values of K, the FFD bin-packing algorithm results in 
the two-level decomposition with the minimum number of LUTs and the 
smallest possible least filled LUT. This two-level decomposition leads to the 
optimal decomposition tree, which in turn leads to the optimal circuit imple­
menting each non-leaf node, including the root node of the tree being 
mapped. 

Even though the subcircuit implementing each tree in the forest is 
optimal, the final circuit implementing the entire network that is assembled 
from these subcircuits is not necessarily optimal. Partitioning the original 
network into a forest of trees precludes LUTs that realize functions contain­
ing reconvergent paths, and assembling the final circuit from the separate 
subcircuits implementing each tree precludes the replication of logic at 
fanout nodes. The following sections describe local optimizations that 
exploit reconvergent paths and the replication of logic at fanout nodes, to 
further reduce the number of LUTs in the final circuit. 

3.2.1.4 ExplOiting Reconvergent Paths 

When the original Boolean network is partitioned at fanout nodes into 
single-output subnetworks, the resulting subnetworks are either trees or leaf­
DAGs. In a leaf-DAG, a leaf node with out-degree greater than one is the 
source of reconvergent paths that terminate at some other node in the leaf­
DAG. This section describes two alternative optimizations that exploit the 
reconvergent paths to improve the circuit implementing the terminal node. 
These optimizations replace the FFD algorithm and improve the two-level 
decomposition used to construct the decomposition tree. The first optimiza­
tion uses an exhaustive search that repeatedly invokes the FFD algorithm. 
The second optimization uses a greedy heuristic that simplifies to the FFD 
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algorithm when there are no reconvergent paths. 

Both optimizations exploit reconvergent paths that begin at the inputs 
to the fanin LUTs and tenninate at the non-leaf node being mapped. In the 
following description, the fanin LUTs are again referred to as boxes and the 
second-level LUTs are referred to as bins. Consider the set of boxes shown 
in Figure 3.12a. Two of the boxes share the same input, so there exists a pair 
of reconvergent paths that tenninate at the shaded OR node. Each of these 
boxes has two inputs, for a total of four inputs. However, when they are 
packed into the same bin, as shown in Figure 3.12b, only 3 inputs are needed. 
The reconvergent paths are realized within the LUT and the total number of 
inputs used is less than the sum of the sizes of the two boxes. The decrease 
in the number of bin inputs that are used can allow additional boxes to be 
packed into the same bin and may therefore improve the final two-level 
decomposition. Figure 3.13a illustrates the two-level decomposition that can 
be constructed by applying the FFD bin-packing algorithm after the recon­
vergent paths have been realized within one LUT. By contrast, Figure 3.13b 
shows the result if the reconvergent paths are ignored, and the bin-packing 
algorithm is applied directly to the fanin LUTs. In this case, the two-level 
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b) Reconvergent paths realized within one LUT 

Figure 3.12 - Local Reconvergent Paths. 
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decomposition that realizes the reconvergent paths within a LUT contains 
fewer second-level LUTs. 

The reconvergent paths can only be realized within one LUT if the two 
boxes with the shared input are packed into the same bin. To ensure that the 
boxes are packed together they can be merged before the FFD bin-packing 
algorithm constructs the two-level decomposition. However, forcing the two 
boxes into one bin can interfere with the FFD algorithm and actually produce 
an inferior two-level decomposition. To find the best two-level decomposi­
tion, the bin-packing algorithm is applied both with and without the forced 
merging of the two boxes and the superior two-level decomposition is 
retained. 

When more than more pair of fanin LUTs share inputs, there are 
several pairs of reconvergent paths. To determine which pairs of reconver­
gent paths to realize within LUTs, an exhaustive search, outlined as pseudo­
code in Figure 3.14, is used to find the best two-level decomposition. The 

a) With forced merge, 2 LUTs 

b) Without forced merge, 3 LUTs 

Figure 3.13 - Exploiting Reconvergent Paths. 
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Reconverge (node, faninLUTs) { 

} 

1* construct two level decomposition *1 
1* exploit reconvergent paths, exhaustive search *1 

pairList t- all pairs offaninLUTs with shared inputs 
bestLUTs t- 0 

for all possible chosenPairs from pairList { 
mergedLUTs t- copy of faninLUTs with 

forced merge of chosenPairs 

} 

packedLUTs t- FirstFitDecreasing (node, mergedLUTs) 

if packedLUTs are better than bestLUTs { 
bestLUTs t- packedLUTs 

return (bestLUTs) 

Figure 3.14 - Pseudo-code for Reconvergent Optimization. 

search begins by finding all pairs of boxes that share inputs. Next, every pos­
sible combination of these pairs is considered. For each combination a two­
level decomposition is constructed by first merging the respective boxes of 
the chosen pairs and then proceeding with the FFD bin-packing algorithm. 
The two-level decomposition with the fewest bins and the smallest least 
filled bin is retained. 

The exhaustive search becomes impractical when there is a large 
number of pairs of boxes that share inputs. In this case, a heuristic, referred 
to as the Maximum Share Decreasing (MSD) algorithm, is used to construct 
the two-level decomposition. This heuristic, outlined as pseudo-code in Fig­
ure 3.15, is similar to the FFD algorithm, but it attempts to improve the two­
level decomposition by maximizing the sharing of inputs when boxes are 
packed into bins. The MSD algorithm iteratively packs boxes into bins until 
all the boxes have been packed. Each iteration begins by choosing the next 
box to be packed and the bin into which it will be packed. The chosen box 
satisfies three criteria: first, it has the greatest number of inputs, second, it 
shares the greatest number of inputs with any existing bin, and third, it shares 
the greatest number of inputs with any remaining boxes. The first criterion 
ensures that the MSD algorithm simplifies to the FFD algorithm when there 
are no reconvergent paths. The second and third criteria encourage the 
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MaxShareDecreasing (node,janinLUTs) { 
1* construct two level decomposition *1 

} 

1* exploit reconvergent paths, greedy heuristic *1 

boxList f- janinLUTs 
binList f- 0 

while (boxList is not 0) { 
box f- highest priority LUT from boxList 
1* criteria for highest priority box *1 
1* 1) most inputs *1 
1* 2) most inputs shared with a bin in binList *1 
1* 3) most inputs shared with a box in boxList *1 

find bin in binList that shares most inputs with boxLook 

if such a bin does not exist { 
bin f- a new LUT 
add bin to end of binList 

} 
pack box into bin exploiting shared inputs, 
1* implies decomposition of node *1 

return (binList) 

Figure 3.15 - Pseudo-code jor Maximum Share Decreasing. 
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sharing of inputs when the box is packed into a bin. The chosen box is 
packed into the bin with which it shares the most inputs while not exceeding 
the capacity of the bin. If no such bin exists then a new bin is created and the 
chosen box is packed into this new bin. Note that the second and third cri­
teria only consider combinations of boxes and bins that will not exceed the 
bin capacity. 

Both reconvergent optimizations only find local reconvergent paths that 
begin at the inputs of the fanin LUTs. However, when the fanin circuits are 
constructed no consideration is given to reconvergent paths that terminate at 
subsequent nodes. The propagation of these reconvergent paths through the 
fanin LUTs is dependent upon the network traversal order. 
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3.2.1.5 Replicating Logic at Fanout Nodes 

This section describes how the replication of logic at fanout nodes can 
reduce the number of LUTs required to implement a Boolean network. 
Recall that the original Boolean network is partitioned into a forest of trees, 
and each tree is separately mapped into a circuit of K-input LUTs. When 
these separate circuits are assembled to form the circuit implementing the 
entire network, the replication of logic at fanout nodes can reduce the total 
number of LUTs in the final circuit. For example, in Figure 3.16a, three 
LUTs are required to implement the network when the fanout node is imple­
mented explicitly as the output of a LUT. In Figure 3.16b, the AND gate 
implementing the fanout node is replicated and only two LUTs are required 
to implement the network. 

When the original network is partitioned into a forest of trees, each 
fanout node is part of one source tree and several destination trees, as illus­
trated in Figure 3.17a. In this figure, the source and destination trees are 
represented by large triangles. The fanout node is the root of the source tree 
and it is a leaf in each of the destination trees. 

The replication optimization considers replicating the function of the 
root LUT of the circuit implementing the source tree. In Figure 3.17a the 

a) Without replicated logic, 3 LUTs 

b) With replicated logic, 2 LUTs 

Figure 3.16 - Replication of Logic at a Fanout Node. 
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a) without replicated logic b) with replicated logic 

Figure 3.17 - Replication of the Root LUT. 

small triangle at the root of the source tree represents the root LUT. The root 
LUT can be eliminated if a replica of its function is added to each of the des­
tination trees, as illustrated in Figure 3.17b. If the total number of LUTs 
required to implement the destination trees does not increase, then eliminat­
ing the root LUT results is an overall reduction in the number of LUTs in the 
final circuit. 

The replication optimization is outlined as pseudo-code in Figure 3.18. 
It begins by constructing the circuit implementing the source tree. The desti­
nation trees are first mapped without the replication of logic and are then re­
mapped with a replica of the function of the source tree's root LUT added to 
each destination tree. If the total number of LUTs required to implement the 
destination trees with replication is less than or equal to the number without 
replication, then the replication is retained and the source tree's root LUT is 
eliminated. 

When the original network contains many fanout nodes, the replication 
optimization is a greedy local optimization that is applied at every fanout 
node. If the destination tree of one fanout node is the source tree or destina­
tion tree of a different fanout node, there can be interactions between the 
replication of logic at the two fanout nodes. In this case, the replication of 
logic at the first fanout node may preclude replication at the second fanout 
node. The overall success of the replication optimization depends on the 
order in which it is applied to the fanout nodes. 

3.2.1.6 Mapping into Xilinx 3000 elBs 
Chortle-crf can also map networks into circuits of Xilinx 3000 

Configurable Logic Blocks (CLBs), which were described in Chapter 2. To 
map a network into a circuit of CLBs, Chortle-crf first maps it into a circuit 
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RootRep (srcTree) { 

} 

1* decide if fanout LUT should be replicated *1 

srcCircuit = mapTree (srcTree) 
rootLUT = root LUT of srcCircuit 

1* find cost without replication *1 
noRepTotal = 0 
for all fanout dstTrees { 

noRepCircuit = mapTree (dstTree) 
noRepTotal = noRepTotal + number of LUTs in noRepCircuit 

} 

1* find cost with replication *1 
repTotal = 0 
for all fanout dstTrees { 

add replica of rootLook to dstTree 
repCircuit = mapTree (dstTree) 
repTotal = repTotal + number of LUTs in repCircuit 

if (repTotal ~ noRepTotal) { 
retain repCircuits 

} 
else { 

eliminate rootLUT from srcCircuit 

retain noRepCircuits 

Figure 3.18 - Pseudo-code for Root-LUT Replication. 

of 5-input LUTs and then assigns the functions specified by these LUTs to 
CLBs. Any single function can be assigned to a single CLB. In addition, 
any pair of functions that together use at most 5 distinct inputs, and that indi­
vidually use at most 4 inputs, can be assigned to one CLB. To reduce the 
total number of CLBs in the final circuit, Chortle-crf maximizes the number 
of CLBs that implement a pair of functions using a Maximum Cardinality 
Matching approach, as introduced in mis-pga [Murg90]. 
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3.2.1.7 Chortle-crf Performance 

This section presents the results of using Chortle-crf to map 20 net­
works from the Microelectronic Center of North Carolina (MCNC) logic 
synthesis benchmark suite [MCNC91] into circuits of 5-input LUTs and 
Xilinx 3000 CLBs. Before the original networks are mapped, the number of 
literals in each network is reduced using the misII logic optimization pro­
gram [Bray87]. The optimized networks are then mapped into circuits of 5-
input LUTs using the following options: 

• -c, without the reconvergent and replication optimizations 

• -cr, with the reconvergent optimization 

• -cf, with the replication optimization 

• -crf, with both the reconvergent and replication optimizations 

Column 1 in Table 3.1 lists the names of the networks, and columns 2 
through 5 record the number of 5-input LUTs in the circuits that were con­
structed using the different options. 

The table shows that the reconvergent and replication optimizations 
produce a 2.7 and 3.7 percent reduction, respectively, in the total number of 
5-input LUTs. When combined, both optimizations produce a 14% reduc­
tion. This indicates an interaction between the reconvergent and replication 
optimizations. This occurs because the replication of logic at a fanout node 
can expose reconvergent paths, and thereby create additional opportunities 
for the reconvergent optimization. 

Using the procedure outlined in the preceding section, the circuits of 
5-input LUTs constructed using both the reconvergent and replication optim­
izations were converted into circuits of Xilinx 3000 CLBs. The results are 
shown in column 6. The final column in the table shows the execution time 
for Chortle-crf to construct the LUT circuits and convert them into the CLB 
circuits on a Sun 3/60. 

3.2.2 The Chortle-d Technology Mapper 

The objective of the Chortle-d technology mapper [Fran91 b] is to 
improve circuit performance by minimizing the number of levels of LUTs in 
the final circuit. The overall approach used by Chortle-d is similar to that 
used in Chortle-crf, but a different procedure constructs the decomposition 
tree at each non-leaf node. Instead of minimizing the number of LUTs in the 
decomposition tree, Chortle-d minimizes its depth. Chortle-d is able to con­
struct the optimal depth circuit of K~input LUTs implementing a network 
that is a tree, provided that the value of K is less than or equal to 6 [Fran92]. 
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network -c -cr -cf -crf -crf Sun 3/60 
LUTs LUTs LUTs LUTs CLBs sec. 

5xpl 34 31 34 27 21 3.2 
9sym 69 65 67 59 52 62.9 
9symml 63 59 62 55 47 59.1 
C499 166 164 158 74 50 15.9 
C880 115 110 112 86 76 12.6 
alu2 131 121 127 116 92 56.3 
alu4 238 219 227 195 154 178.1 
apex2 123 123 121 120 95 34.9 
apex4 603 600 579 558 456 323.1 
apex6 232 219 230 212 165 25.3 
apex7 72 71 71 64 45 2.9 
count 47 45 40 31 27 2.0 
des 1073 1060 1050 952 789 291.9 
duke2 138 136 126 120 90 9.1 
e64 95 95 80 80 54 1.9 
misexl 20 20 19 19 14 0.7 
rd84 76 76 74 73 53 15.4 
rot 219 207 208 189 133 14.0 
vg2 24 24 23 21 19 0.6 
z4ml 9 9 9 6 3 0.8 

Table 3.1 - Chortle-crj Results, 5-input LUTs and CLBs. 

The Chortle-d decomposition~ when compared to the Chortle-crf 
decomposition, significantly increases the number of LUTs in the final cir­
cuit. To reduce this area penalty, Chortle-d uses the Chortle-crf decomposi­
tion on non-critical paths and uses a "peephole" optimization to eliminate 
single fanout LUTs that can be merged into their fanout LUTs. 

Table 3.2 shows the results of using Chortle-d to map 20 MCNC net­
works into circuits of 5-input LUTs, and provides a comparison with 
Chortle-crf. Since the goal of Chortle-d is to reduce the number of levels of 
LUTs in the final circuit, the original networks are first optimized by misII to 
minimize the depth of the each network [Sing88]. The second and third 
columns in the table show the number of logic levels and the number of 5-
input LUTs achieved by Chortle-crf, with both the reconvergent and replica­
tion optimizations. The fourth and fifth columns give the Chortle-d results. 
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network Chortle-crf Chortle-d 
levels LUTs levels LUTs 

5xpl 4 27 3 27 
9sym 8 65 5 57 
9symml 7 62 4 54 
C499 8 141 6 372 
C880 13 172 8 309 
alu2 13 128 9 219 
alu4 17 231 10 495 
apex2 8 124 6 184 
apex4 11 624 5 1050 
apex6 6 235 4 303 
apex7 6 78 4 99 
count 5 58 3 94 
des 10 981 6 2243 
duke2 7 152 4 225 
e64 7 139 4 177 
misexl 4 18 2 17 
rd84 7 41 4 63 
rot 11 214 6 302 
vg2 5 39 4 51 
z4ml 4 13 3 14 

Table 3.2 - Chortle-d Results, 5-input LUTs. 

The table shows that Chortle-d reduces the number of logic levels by 38 per­
cent, but increases the number of 5-input LUTs by 79 percent. 

3.2.3 Lookup Table Technology Mapping in mis-pga 

The mis-pga technology mapper [Murg90] minimizes the number of 
K-input LUTs required to implement a Boolean network in two phases. The 
first phase decomposes the original network to ensure that every node can be 
implemented by a single K-input LUT, and the second phase uses a heuristic 
solution to a covering problem to reduce the number of LUTs in the final cir­
cuit. 

In the first phase, four approaches are used to decompose nodes that 
cannot be implemented by a single LUT. The first approach is based on 
Roth-Karp decomposition [Roth62], the second approach is based on kernel 
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extraction [Bray82], the third adapts the bin-packing approach introduced in 
Chortle-crf [Fran9la], and the fourth is based on Shannon cofactoring. On 
the basis of mapping 27 MCNC networks into circuits of 5-input LUTs 
[Murg9la], mis-pga requires 14% fewer LUTs than Chortle-crf, but it is 47 
times slower. 

Mis-pga addresses technology mapping for Xilinx 3000 CLBs by first 
mapping the Boolean network into 5-input functions and then assigning these 
functions to CLBs. Each CLB can implement one 5-input function or two 
functions of up to 4 inputs that together have no more than 5 inputs. Maxim­
izing the number of CLBs that implement two functions, and thereby minim­
izing the total number of CLBs, is restated and solved as a Maximum Cardi­
nality Matching problem. 

Mis-pga also includes optimizations that improve speed-performance 
by reducing the number of levels of LUTs in the final circuit [Murg9Ib]. 
The original network is first decomposed into a depth-reduced network of 2-
input nodes [Sing88] and then the critical paths are traversed from the pri­
mary inputs to the primary outputs. A critical node at depth d is collapsed 
into its fanout nodes, at depth d + 1, whenever the resulting node is feasible, 
or can be redecomposed with a reduction in depth. Compared to Chortle-d, 
mis-pga requires 6% more levels of 5-input LOTs, but uses 31 % fewer LUTs 
to implement 27 MCNC networks [Murg9lb]. 

3.2.4 Lookup Table Technology Mapping in Asyl 

The Asyllogic synthesis system incorporates technology mapping for 
Xilinx 3000 CLBs [Abou90]. The technology mapping phase of Asyl 
depends upon a reference ordering of the primary input variables that is 
determined by the logic optimization phase. The Boolean network produced 
by the logic optimization phase is a lexicographical factorization. If this net­
work is collapsed into a sum-of-products expression, the order of variables 
within the product terms defines the reference ordering. The technology 
mapping phase of Asyl consists of two steps. The first step uses slices of the 
reference ordering to decompose the Boolean network into 4- and 5-input 
functions, and the second step uses a greedy heuristic to assign these func­
tions to CLBs. Compared to Chortle-crf, on the basis of the results for 3 
MCNC networks [Abou90] Asyl requires 7% more CLBs. 

3.2.5 The Hydra Technology Mapper 

The Hydra technology mapper [Fil091] addresses two-output RAM­
based logic blocks such as the Xilinx 3000 series CLBs. The two-phase stra­
tegy employed by Hydra to minimize the number of CLBs in the final circuit 
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emphasizes the use of both CLB outputs. The first phase decomposes nodes 
in the original network to ensure that every node can be implemented by a 
single CLB and the second phase then finds pairs of functions that can be 
implemented by two-output CLBs. The first phase creates opportunities for 
the second phase to pair two functions into a single CLB by selecting decom­
positions that increase the number of shared inputs among the extracted func­
tions. Using the results for 18 MCNC networks [Fil091], Hydra requires 
14% fewer Xilinx 3000 CLBs than Chortle-crf and is 1.5 times faster. 

3.2.6 The Xmap Technology Mapper 

The Xmap technology mapper [Karp91a] uses two passes to minimize 
the number of K-input LUTs required to implement a Boolean network and a 
third pass to produce a circuit of Xilinx 3000 CLBs. The first pass decom­
poses nodes in the original Boolean network into if-then-else DAGs. In an 
if-then-else DAG, every node functions as a 2 to 1 multiplexer. For values of 
K greater than or equal to 3 every node in the if-then-else DAG can be imple­
mented by a single K-input LUT. The second pass traverses the decomposed 
network from the primary inputs to primary outputs and greedily marks 
nodes to be implemented by single-output LUTs. The third pass assigns 
functions produced by the first two passes to 2-output CLBs. On the basis of 
the results for 27 MCNC networks [Murg91a], Xmap requires 13% more 5-
input LUTs than Chortle-crf to implement the networks, but it is 16 times 
faster. 

3.2.7 The VISMAP Technology Mapper 

The VISMAP technology mapper [Wo091a] focuses on the covering 
problem in LUT technology mapping. It assumes that the original network 
has been previously decomposed to ensure that every node has in-degree less 
than or equal to K. This ensures that every node can be directly implemented 
by a K-input LUT. 

VIS MAP approaches the LUT -mapping problem by labelling every 
edge in the network as either visible or invisible. A visible edge intercon­
nects two LUTs in the final circuit and an invisible edge is implemented 
within a single LUT. The network can be simplified by merging the source 
node of an invisible edge into the destination node. If the resulting node has 
in-degree no greater than K, then it can still be implemented by a single K­
input LUT. The assignment of visibility labels to edges is performed by first 
dividing the original network into a collection of subgraphs that each contain 
at most m edges. The optimal label assignment for each subgraph is then 
found using an exhaustive search. The computational cost of the search is 
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controlled by the limit on the number of edges in the subgraph. 

VISMAP also includes a greedy heuristic to pair K-input functions into 
K-input 2-output LUTs. Compared to Chortle-crf, VIS MAP requires 8% 
more 5-input 2-output LUTs to implement 9 MCNC networks [Woo91 a], 
and has similar execution speed. 

3.3 Multiplexer Technology Mapping 
A multiplexer-based logic block consists primarily of a tree of multi­

plexers. For example, the Actel Act-l logic block, illustrated in Figure 3.19, 
implements the Boolean function 

( a + b ) (ce + cf) + ( a + b )( dg + dh ) . 

The inputs to the logic block are either the multiplexer select inputs, a, b, c, 
and d, or they are data inputs e, f, g, and h. An uncommitted logic block is 
personalized to implement different functions by connecting its inputs either 
to variables or to constants ° and I. For example, the Act-l logic block can 
be personalized to implement the function x y + x Y by making the input con­
nections a =x, b =0, c =y, d =y, e = 1, /=0, g =0, and h = 1. 

Multiplexer-based logic blocks can implement a large number of dif­
ferent functions and therefore present difficulties for library-based technol­
ogy mapping. Examples of technology mappers for multiplexer-based logic 
blocks include mis-pga [Murg90] [Murg92], Proserpine [Erc091] [Beda92], 
Amap [Karp91b] and XAmap [Karp91b]. All of these programs map a 
Boolean network into a circuit of multiplexer-based logic blocks and deter­
mine the personalization of every logic block in the circuit. They minimize 
either the number of logic blocks or the delays in the final circuit. The fol­
lowing sections describe one program, Proserpine, in detail and discuss the 

e 

9 

h 

Figure 3.19 - Act-l Logic Block. 
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major features of the others. 

3.3.1 The Proserpine Technology Mapper 

The overall approach used by Proserpine is the same as the Ceres 
[Mail90b] library-based technology mapper. The original network is parti­
tioned into a set of single-output subnetworks and then each subnetwork is 
mapped separately. The first step in mapping each subnetwork is to decom­
pose it into a network of 2-input functions. This fine-grain decomposition 
enables the function of nodes in the original network to be split across more 
than one logic block. However, performing the decomposition before map­
ping the subnetwork precludes the possibility of optimizing the chosen 
decomposition. 

Similar to DAGON [Keut87], Proserpine uses a dynamic programming 
traversal to construct a circuit of logic blocks that covers each single-output 
subnetwork. This traversal relies upon a matching algorithm that determines 
if a subfunction within the subnetwork, referred to as a cluster function, can 
be implemented by personalizing the multiplexer-based logic block. This 
matching algorithm models the personalization of a logic block using stuck­
at-O faults, stuck-at-l faults, and bridging faults. It uses Binary Decision 
Diagrams (BODs) [Brya86] to represent the cluster function and the logic 
block, and uses sub graph isomorphism to detect a match. 

3.3.1.1 Binary Decision Diagrams 

A BOD is a two terminal DAG with a single root node. The terminal 
nodes represent the values 0 and 1, while non-terminal nodes represent 
Boolean functions. The function associated with the root node specifies the 
function represented by the entire BOD. Each non-terminal node has an 
associated variable and two outgoing edges, labelled 0 and 1. The function 
represented by the non-terminal node is specified by its cofactors with 
respect to its associated Boolean variable. The subDAGs terminating the two 
outgoing edges specify these cofactors. If the sequence of variables along 
any path in the BOD is restricted to a given precedence order and if no iso­
morphic subgraphs exist within the BOD, then the result is a canonical form 
known as a reduced ordered BOD . .for example, Figure 3.20a illustrates the 
multiplexer-based logic block a( be + bd) + a eef + eg) and Figure 3.20b 
illustrates the BOD representing this logic block corresponding to the input 
variable ordering (a, b, c, d, e, f, g). In the remainder of this section the 
term BOD will refer to a reduced ordered BOD. Note that the structure of 
the BOD depends on the input variable precedence order. 



76 Field-Programmable Gate Arrays 
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a(&: + bd) + a(ef + eg) 

9 

e 

a) multiplexer-based logic block 

b) Binary Decision Diagram 

Figure 3.20 - A multiplexer Logic Block and Its BDD. 

The personalization of a logic block to match a cluster function is 
defined by a set of stuck-at faults, a set of bridging faults, and an input vari­
able assignment. The matching algorithm consists of two stages. The first 
stage considers only stuck-at faults and the second stage considers bridging 
faults in addition to stuck-at faults. 

3.3.1.2 Matching with Stuck-At Faults 

The first stage of the matching algorithm considers a simplified match­
ing problem in which only stuck-at-O and stuck-at-! faults are used to per­
sonalize the logic block. The BDD representing the cluster function is 
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compared to subgraphs in the BOD representing the logic module. If a sub­
graph is isomorphic to the cluster function BOD, then it represents the same 
Boolean function. In this case, the logic block can be personalized to imple­
ment the Boolean function by the appropriate set of stuck-at faults. The 
required set of stuck-at faults is specified by the path leading from the root of 
the logic block BOD to the subgraph, and the input assignment is specified 
by the correspondence between nodes in the cluster function BOD and the 
nodes in the subgraph. For example, in Figure 3.21 the BOD for the cluster 
function Xy + xz is isomorphic to a subgraph in the BOD for the logic block 
a(bc + bd ) + a ("ef + eg). Therefore, the logic block can be personalized to 
implement this cluster function using the stuck-at fault a = 1 and the input 
assignment e =x,f=y, and g =z. Note that the assignment of inputs b, c, and 
d does not matter. 

The existence of a sub graph isomorphic to the cluster function BOD 
depends on the structure of the logic block BOD, and therefore depends on 
the input ordering used to construct the logic block BOD. For example, in 
Figure 3.21 the input ordering (a, b, c, d, e, f, g) is used to construct the 
logic block BOD and there exists a subgraph that is isomorphic to the cluster 
function BOD. However, if the input ordering (a, f, e, g, d, b, c) is used to 

logic block BOD cluster function BOD 

Figure 3.21 - Matching with a Stuck-At-} Fault. 
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construct the logic block BDD, as illustrated in Figure 3.22, then there is no 
isomorphic sub graph. 

To ensure that a match is found, regardless of the input ordering used to 
construct the logic block BDD, the first stage of the matching algorithm, out­
lined as pseudo-code in Figure 3.23, considers all possible input orderings 
for the logic block BDD and searches each logic block BDD for a subgraph 
that is isomorphic to the cluster function BDD. The size of the search is 
reduced by restricting it to subgraphs of the same height as the cluster func­
tion BDD. 

Many of the subgraphs within the logic block BDDs corresponding to 
different input orderings will be isomorphic to one another. Only one of 
these sub graphs needs to be considered in the search for a sub graph iso­
morphic to the cluster function BDD. Proserpine reduces the size of the 
search for an isomorphic subgraph by assembling the logic block BDDs for 
all possible input orderings into one common structure referred to as a Gen­
eralized Binary Decision Diagram (GBDD). Within the GBDD there are no 
subgraphs that are isomorphic to each other. The two loops in Figure 3.23 

o 

logic block BOD cluster function BOD 

Figure 3.22 - Logic Block BDD Ordering where Match Fails. 
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StuckMatch (cluster, module) { 
1* match using stuck-at faults *1 

clusterBDD ~ buildBDD (cluster, DefaultOrder) 
clusterHeight ~ height of clusterBDD 

for all module inputOrders { 

} 

moduleBDD ~ buildBDD (module, inputOrder) 

for all sub Graphs of clusterHeight in moduleBDD { 
if isomorphic (clusterBDD, sub Graph) { 

record stuckAtF ault 
record inputOrder 
return (Match) 

return (NoMatch) 

Figure 3.23 • Pseudo-code for Stuck-At-Fault Matching. 

are collapsed into one loop that considers all subgraphs within the GBDD. 

3.3.1.3 Matching with Bridging Faults 

79 

If the first stage of the matching algorithm fails to find a set of stuck-at 
faults that personalizes the logic block to the cluster function, then the 
second stage considers personalizations that require bridging faults. The 
presence of a bridging fault modifies the logic block BDD and can create a 
sub graph that is isomorphic to the cluster function BDD. Consider the logic 
block BDD shown in Figure 3.24a. This logic block implements the func­
tions F='ii(bFab+bFiib)+a(bFab+bFab), where Fab, Fab, Fiib , and Fib, are the 
cofactors of F with respect to the variables a and b. 

If there is a bridging fault between the variables a and b, then only the 
cofactors Fab and Fib remain possible and the logic block BDD can be 
simplified to the BDD shown in Figure 3.24b. The matching algorithm can 
then search for a sub graph in the modified logic block BDD that is iso­
morphic to the cluster function BDD. A similar modification to the logic 
block BDD can be made for any fault that bridges one or more sets of adja­
cent variables in the BDD. An arbitrary bridging fault can be described by 
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a) Logic block BOO 

o a 1 

b) BOO with bridge fault a =b 

Figure 3.24 - Simplifying the Logic Block BDD with a Bridge Fault. 

finding an input ordering where the bridged variables are adjacent and then 
modifying the corresponding logic block BOO. 

The second stage of the matching algorithm, outlined as pseudo-code in 
Figure 3.25 considers all possible bridging sets and for each of these bridging 
sets considers all possible input orderings. Each bridging set specifies the 
variable positions to be bridged. The actual variables that are bridged 
depend on the variable ordering. For each bridging set and input order, the 
algorithm constructs the corresponding logic block BOO and searches for 
subgraphs that match the cluster function BOO. The GBOO that represents 
the logic block BOOs for all possible input orderings can be used to reduce 
the size of this search. In this case, the bridge set modifies the entire GBOO 
and the two inner loops of Figure 3.25 are collapsed into one loop that con­
siders all subgraphs of the modified GBOO. 

3.3.1.4 Matching with One Bridge Fault 

The bridge-fault matching algorithm is much more computationally 
expensive than the stuck-at-fault matching algorithm, yet in experimental 
results, it only slightly decreased the number of logic blocks in the final 
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BridgeMatch (cluster, module) { 
1* match using bridging faults *1 

clusterBDD f- buildBDD (cluster, OefaultOrder) 
clusterHeight f- height of cluster 

for all bridgeSets of adjacent variables { 

} 

for all module inputOrders { 
moduleBDD f- buildBDD (module, inputOrder) 
bridgeBDD f- bridge (moduleBDD, bridgeSet) 

for all subGraphs of clusterHeight in bridgeBDD { 
if isomorphic (clusterBDD, subGraph) { 

record stuckAtFault 
record bridgeSet 
record inputOrder 
return (Match) 

return (NoMatch) 

Figure 3.25 - Pseudo-codefor Bridge-Fault Matching. 
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circuit. It was observed that most of the bridge faults found consisted of one 
bridge of two inputs. To reduce the computational cost of finding these 
bridge faults an alternative bridge-fault matching algorithm is introduced. 
This simplified algorithm only searches for bridge faults that consist of one 
bridge of two inputs. 

The key to the one-bridge matching algorithm is the observation that 
one bridge of two inputs can be expressed as a pair of stuck-at faults. Con­
sider the subgraph of the logic block BOD, corresponding to input ordering 
(f, g, d, e, b, a, c), and the cluster function BOD shown in Figure 3.26. If 
the logic block matches the cluster function when the variable x is assigned 
to inputs e and b, then the subgraph of the cluster function specified by the 
stuck-at fault x =0 must be isomorphic to the subgraph specified by the 
stuck-at fault e =0 and b =0, as illustrated in Figure 3.26a. Similarly, the 
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logic block BOD cluster function BOD 

a) The stuck-at-O fault 

logic block BOD cluster function BOD 

b) The stuck-at-l fault 

Figure 3.26 - Matching a Bridge Fault as a Pair of Stuck-At Faults. 

sub graph of the cluster function specified by the stuck-at fault x = 1 must be 
isomorphic to the sub graph specified by the stuck-at fault e = 1 and b = 1, as 
illustrated in Figure 3.26b. This match associates the bridged inputs, e and b, 
to the first cluster variable x. Bridge faults that use a different cluster vari­
able can be found by considering cluster function BDDs with different vari­
able orderings. 

The one-bridge matching algorithm, outlined as pseudo-code in Figure 
3.27, considers each of the cluster function variables in tum, and for each 
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OneBridgeMatch (cluster, module) { 
1* match using one bridge fault *1 

variableOrder f--- OefaultOrder 
for all variables of cluster { 

place variable at head of variableOrder 
clusterBDD f--- buildBDD (cluster, variable Order) 
clusterHeight f--- height of clusterBDD 

leftCluster f--- first variable of clusterBDD stuck-at-O 
rightCluster f--- first variable of clusterBDD stuck-at-l 

for all module inputOrders { 
moduleBDD f--- buildBDD (module, inputOrder) 
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for all subGraphs of clusterHeight + 1 in moduleBDD { 
leftModule f--- first two inputs of subGraph stuck-at-O 
rightModule f--- first two inputs of sub Graph stuck-at-l 

} 

} 
return (NoMatch) 

if isomorphic (leftCluster, leftModule) & 
isomorphic (rightCluster, rightModule) { 
bridgeSet f--- first two inputs of subGraph 
record stuckAtF ault 
record bridgeSet 
record inputOrder 
record variableOrder 
return (Match) 

Figure 3.27 - Pseudo-codejor One-Bridge-Fault Matching. 

variable constructs a cluster function BOO with the variable as the first vari­
able in the BOD ordering. For each of these cluster function BODs, the algo­
rithm considers all possible input orderings for the logic block. For each 
input ordering, the algorithm constructs the corresponding logic block BOD 
and searches for subgraphs of this BOD where bridging the first two 
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variables of the sub graph to the first variable of the cluster function BDD 
results in the required pair of stuck-at-fault matches. Note that only sub­
graphs of height one greater than the height of the cluster BDD need to be 
searched because the first two inputs of the sub graph will be bridged 
together. The size of the search can be reduced by using the GBDD to 
represent the logic block BDDs for all possible input orderings and collaps­
ing the inner two loops of Figure 3.27 into one loop that considers all sub­
graphs of the GBDD. 

3.3.1.5 Proserpine Performance 

This section presents the results of using Proserpine to map 16 MCNC 
networks into circuits of Act-l and Act-2 logic blocks. Column 1 of Table 
3.3 lists the names of the networks, and columns 2,3 and 4 record the number 
of Act-l logic blocks in the circuits constructed using stuck-at, bridging, and 
one-bridge matching. Columns 5,6 and 7 record the number of Act-2 logic 
blocks in the circuits constructed using only stuck-at, stuck-at with full 
bridging, and stuck-at with one-bridge matching. 

network Act-l Act-2 
stuck bridge one stuck bridge one 

5xpl 54 50 50 48 46 48 
C1908 280 206 207 209 204 206 
C499 274 170 170 170 170 170 
C5315 912 796 796 729 723 724 
apex6 411 383 383 295 288 292 
apex7 122 114 114 108 104 107 
bw 67 63 63 64 61 64 
clip 74 68 68 62 60 62 
des 1783 1673 1673 1404 1384 1404 
duke2 178 175 175 164 162 162 
f51m 65 59 59 52 50 52 
misexl 24 24 24 23 23 23 
misex2 46 42 42 40 39 40 
rd84 75 65 65 63 61 63 
vg2 46 45 45 41 41 41 

Table 3.1 - Proserpine Results, Act-l and Act-2 logic blocks. 
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Compared to only stuck-at matching, stuck-at with bridging matching 
reduces the number of Act-l logic blocks by 11 %, and the number of Act-2 
logic blocks by 2%. One-bridge matching is nearly as effective as bridging 
matching for the Act-l logic block, but, it is less effective for the Act-210gic 
block. Note also that fewer Act-2 than Act-l logic blocks are required to 
implement the networks. This indicates the increased functionality of the 
Act-210gic block. 

3.3.2 Multiplexer Technology Mapping in mis-pga 

The objective of the mis-pga [Murg90] technology mapper is to minim­
ize the number of Actel Act-l logic blocks required to implement a Boolean 
network. This program converts each node in the original network into a 
BDD and then uses dynamic programming to cover the resulting graph with 
a set of 8 pattern graphs that represent the Act-l logic block. A final iterative 
improvement phase performs local transformations on the circuit to improve 
the final result. 

A later version of mis-pga [Murg92] maps the Boolean network into a 
circuit of either Actel Act-lor Act-210gic blocks. Each node of the network 
is converted into an if-then-else DAG, using recursive cofactoring. The 
advantage of if-then-else DAGs over BDDs. is that they avoid the duplication 
of cubes. Dynamic programming is used to cover the if-then-else DAG with 
a small set of pattern graphs that represent the logic block. The algorithm 
uses different matching algorithms for the Act-l and Act-2 logic blocks to 
determine if a sub graph of the if-the-else DAG can be implemented by a 
logic block. These specialized matching algorithms take advantage of the 
precise structures of the Act-l and Act-210gic blocks. On the basis of results 
for 17 MCNC networks [Murg92], mis-pga is faster than Proserpine, and 
requires 25% fewer Act-l logic blocks to implement the networks. 

3.3.3 The Amap and XAmap Technology Mappers 

The Amap and XAmap technology mappers [Karp91b] attempt to 
minimize the number of Actel Act-l logic blocks required to implement a 
Boolean network. Amap begins by decomposing nodes in the original 
Boolean network into if-then-else DAGs. It then proceeds from the primary 
outputs to the primary inputs using greedy heuristics to cover subDAGs of 
the if-then-else DAG with the Act-l logic block. Using the results for 17 
MCNC networks [Murg92], Amap requires 12% fewer Act-l logic blocks 
and is much faster than Proserpine. 

XAmap is based on the observation that the Act-l logic block can 
implement 213 of the 256 possible 3-input functions. XAmap begins by 
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mapping the Boolean network into a circuit of 3-input LUTs, using Xmap. 
Any LUTs that implement one of the 213 functions can be implemented by a 
single Act-l logic block. The remaining LUTs can be implemented by one 
Act-l logic block provided that one of the three inputs is available in both 
positive and negative polarities. If none of the three inputs is available in 
both polarities, then an extra logic block is used to invert one of the signals. 

3.4 Final Remarks 
Conventional library-based technology mapping is inappropriate for 

FPGAs because the complex logic blocks used in FPGAs can each imple­
ment a large number of different functions. This chapter has described tech­
nology mappers that deal specifically with LUT -based and multiplexer-based 
logic blocks. The key features of these programs are matching algorithms 
that determine if a subfunction of the network being mapped can be imple­
mented by a single logic block. These matching algorithms avoid the large 
library of individual functions required to represent the logic block by using 
the structure of the logic block itself to represent the entire set of functions. 
In addition, this simplified matching makes it possible to improve the final 
circuit by simultaneously solving the decomposition and matching problems. 



CHAPTER 

4 
Logic Block 
Architecture 

Chapter 2 described many of the commercial FPGA architectures, but pro­
vided little comment on the relative merits of each. This chapter focuses on 
the design of one aspect of FPGA architecture, namely the architecture of the 
logic blocks. We discuss the effect of the logic block design on both the 
total chip area needed in an FPGA to implement a given amount of logic, and 
the speed performance of an FPGA. The results of. several studies on this 
topic are compared and contrasted, using a consistent notation and style of 
presentation. 

An important characteristic of a logic block is itsjunctionality, which is 
defined as the number of different boolean logic functions that the block can 
implement. For example, a two-input NAND gate can implement five dif­
ferent functions: the basic function /=ab, as well as /=a and /=b, and the 
constants 0 and 1, if the inputs are set appropriately. In contrast, a tbree­
input lookup table can implement any function of its three inputs, providing 
a much greater functionality of 22' = 256. 

There are many different architectural choices that could be made for a 
logic block, as apparent from the examples in Chapter 2. Different blocks 
are likely to have different amounts of functionality, and varying costs in 
terms of chip area and delay. Also, the functionality of the logic block will 
affect the amount of routing resources that are needed in the FPGA. As noted 
earlier, FPGA routing resources are expensive in terms of area and delay 
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because the programmable switches take up significant area and have appre­
ciable resistance and capacitance. This chapter will show that it is this latter 
issue that dominates the logic block architecture tradeoffs. 

The chapter presents some recent research results on the best choice of 
logic block functionality. We assume that an FPGA consists of an array of 
identical (homogeneous) blocks. The chapter is divided into two parts: the 
first deals with the effect of logic block functionality on FPGA area, and 
deals with lookup table-based logic blocks. The second part covers the effect 
of functionality on speed performance, and includes several different types of 
blocks. 

4.1 Logic Block Functionality versus Area-Efficiency 
The functionality of the logic block has a major effect on the amount of 

area required to implement circuits in FPGAs. As functionality increases, 
the number of blocks needed to implement a circuit will decrease, but the 
area per block will increase, because higher functionality requires more 
logic. It follows, then, that there is an amount of functionality in the logic 
block that achieves a minimum total area for the logic blocks themselves. 

The total chip area needed for an FPGA consists of the logic block area 
plus the routing area. Since routing area typically takes from 70 to 90 per­
cent of the total area, the effect of logic block functionality on the routing 
area can be very important. Functionality affects the routing area in a 
number of ways: as functionality increases, the number of pins per block will 
likely increase, the number of connections between logic blocks will 
decrease and, because there will be fewer blocks, the distance that each con­
nection travels will decrease. Depending on the relative effects on each of 
these factors, the total routing area will either go up or down. 

For ~xam'ple, consider the implementation of the logic function 
f = abd + bed + abc in logic blocks with different functionalities. Figure 4.1 
illustrates how this function could be implemented with 2-input, 3-input, or 
4-input lookup tables. We will refer to a lookup table as a LUT, and a K­
input lookup table as a K-LUT. As shown, the 2-LUT implementation 
requires eight logic blocks, while the 3-LUT needs only four blocks. As an 
area measure, consider the number of memory bits required for each imple­
mentation. A 2-LUT requires half as many memory bits as a 3-LUT (recall 
that the number of bits in a K-LUT is 2K ), but twice as many 2-LUTs are 
required. Hence, the total block area for both the 2-LUT and 3-LUT cases is 
the same. The 4-LUT case requires only half the number of memory bits 
compared to the other two, because the function can be implemented in just 
one block. However, anyone of the three alternatives may result in the 
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lowest total chip area, depending on the amount of routing resources that 
each one implies, as discussed below. 

The routing area for each implementation can change dramatically. As 
Figure 4.1 shows, the number of connections to logic block inputs and out­
puts for the 2-LUT, 3-LUT and 4-LUT implementations are 17, 13 and 5, 
respectively. Depending on the length of the wires required to implement the 
connections in each case, anyone of the three implementations may have the 
smallest routing area. For example, if a wire in the 2-LUT case is shorter, 
then it may be better to have 17 of those wires compared to only 13 of the 
longer wires for the 3-LUT case. The salient point of this discussion is that 
the effects of the functionality of the logic block on total chip area are 
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a} 2-input lookup table 

c) 4-input lookup table 
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b) 3-input lookup table 

Figure 4.1 - Three Implementations off = abd + bed + abc. 
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complex, and involve both the area due to the logic block itself and the rout­
ing resources that interconnect the blocks. 

The goal of the experimental studies presented in this chapter is to 
answer the question: "What level of functionality gives the lowest total chip 
area for an FPGA 7" The above example and discussion serves to motivate 
the experimental approach that has been used in all of the research address­
ing this question. In this approach, benchmark circuits are "implemented" 
using a CAD system that can handle a range of different logic block architec­
tures. To measure the results, the studies use models that account for both 
logic block area and routing area. 

The following sections summarize four recent studies of the area 
effects of logic block architectures. The first study examines single-output 
lookup tables [Rose89] [Rose90c], the second deals with multiple-output 
lookup tables [KouI92a], the third considers lookup tables that are decom­
posable [Hi1l91], and the fourth examines logic blocks that are based on PLA 
structures [KouI92b]. Section 4.1.1 describes the type of logic block 
assumed in each study and shows how the experiments are parameterized. 
The experimental procedures are described in Section 4.1.2 and the model 
that is used to measure area is given in Section 4.1.3. In Section 4.1.4, we 
summarize the experimental results and conclusions. 

4.1.1 Logic Block Selection 

There is a large number of possibilities for the design of a logic block, 
so some restriction is necessary to make experimentation feasible. To gain 
insight, it is important to be able to characterize the functionality of a block 
by a few simple parameters. Research to date has focussed mainly on K­
input lookup tables because their functionality is described. by the simple 
parameter K, and the fact that the block can implement any function of its 
inputs is convenient. In the four studies described here, the following logic 
blocks are explored: 

1. A single-output block, with one K-input lookup table, both with and 
without a D Flip as part of the block [Rose9Oc]. An example, for the 
case K =4, is illustrated in Figure 4.2. 

2. A multiple-output block, with multiple K-input lookup tables. As 
defined by Kouloheris and EI Gamal in [KouI92a], it is assumed that 
the logic block has M outputs that all depend on the same K inputs, and 
each output is generated by a separate lookup table. 

3. A multiple-output block, with decomposable lookup tables, as defined 
by Hill and Woo in [Hi1191]. For this investigation, it is assumed that 
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Output 

Inputs Look-up o 
Table Flip-flop 

Vee 
Clock ---,~~~~~~~------' 

Enable ---,~~~~~~~~~~~----l 

Figure 4.2 - Single Output 4-LUT Logic Block, with a D flip-flop. 

the logic block contains a total of M K-input lookup tables. However, 
the block is decomposable, meaning that it can be viewed as a set of M 

K-LUTs, or M-2 (K + 1 )-LUTs, M-4 (K +2 )-LUTs, and so on. This 

is based on the fact that smaller lookup tables can be combined to 
implement larger lookup tables. An example is given in Figure 4.3, 
which shows a logic block that can be viewed as two 2-LUTs or as one 
3-LUT. To implement two 2-LUTs, both of the outputs, OUTl and 
OUT2, would be used. Note that IN 5 would be forced to 0 in this case, 
so that the multiplexer would select the lower 2-LUT. The other alter­
native is to view the block as a 3-LUT having a single output, OUT2. 
In this case, inputs IN 1 and IN3, as well as IN2 and IN 4, should be 
connected together, while IN5 serves as the third input to the 3-LUT. 
The top 2-LUT then implements one half of a truth-table, the bottom 
2-LUT implements the other, and the multiplexer selects whichever 
half is required. 

For large values of M and K, the number of inputs to the logic 
block may be prohibitive. Since this has a major impact on the total 
area required for routing resources, Hill and Woo examine the reduc­
tion of the number of inputs by considering the sharing of inputs 
between pairs of LUTs. In this scheme, the two LUTs that feed a com­
mon multiplexer are considered as a pair and are forced to share Z of 
their inputs in common. This allows larger values of M and K to be 
used without overly increasing the total number of inputs to the block. 
Z is mentioned here because it is an interesting architectural parameter, 
but we do not show experimental results for Z in this book. 

4. A PLA-based block, having K inputs, N product terms, and M 
outputs, as described in [KouI92a] and [KouI92b]. The 
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motivation for this block is that larger lookup tables are under­
utilized to a great degree, and are expensive because a K-LUT 
requires 2K memory bits. 

IN1 
IN2 

IN3 

IN4 

2-LUT 1---__ ---- OUT1 

OUT2 

2-LUT 

INS ---------' 

Figure 4.3 - A Decomposable LUT Block. 

4.1.2 Experimental Procedure 

This section describes the experimental framework that has been used 
in all four of the research studies that are discussed in this chapter. The input 
to each procedure is a logic circuit, a functional description of the logic 
block, and the FPGA's programming technology, which was discussed in 
detail in Chapter 2. The output of the procedure is the total chip area 
required to implement the circuit. The following steps are applied for each 
circuit, programming technology, and logic block: 

1. Perform the technology mapping of the circuit into the type of logic 
blocks assumed. This determines the total number of logic blocks 
required for the circuit. Each of the four studies discussed here uses a 
different technology mapping program for this task. The interested 
reader can refer to the original publications for more details. The result 
of this step is a new circuit that consists of only the available type of 
logic block. 

2. Perform the placement of the logic blocks. This step assigns each logic 
block to a specific location in the FPGA. 

3. Perform the global routing of the circuit. Global routing selects the 
paths through the channels that each connection should take. This step 
determines the number of tracks per routing channel that are required 
for the circuit. The number of tracks is called W. 

In a real FPGA, the number of logic blocks and tracks per channel 
would be fixed, but in the above procedure, both of these are measured as the 
outputs of the experimental procedure. The following section shows how 
these two measurements can be used to calculate the total area required in the 
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FPGA. 

Note that the experiments in [Hill91] did not proceed to the placement 
and routing level, but rather calculated the area measures based on the total 
number of logic blocks and the number of inputs to a block only. 

To estimate the routing area, it is necessary to make assumptions about 
the interconnection architecture. In [Rose90c], the symmetrical architecture 
illustrated in Figure 4.4 is used. It is a regular array of identical logic blocks, 
separated by horizontal and vertical routing channels. The number of tracks 
in all of the routing channels, W, is the same. In [KouI92a] and [KouI92b], a 
row-based architecture similar to that in Actel FPGAs is assumed with W 
tracks per row. No assumption is necessary about routing structures in 
[Hill91] because circuits are not synthesized to the level of detail of place­
ment and routing. 

4.1.3 Logic Block Area and Routing Model 

A crucial part of each experimental approach is the modelling of logic 
and routing area as a function of the type of logic block used and the 
definitions of the routing structures. This section unifies the models that 
appear in [Rose90c], [KouI92a] and [Hi1191]. 

Recall from Chapter 2 that the programming technology for an FPGA 
refers to the technology used to implement its programmable resources. In 
Chapter 2, the programming technology was defined specifically in the con­
text of implementing routing switches, but it could also implement 
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D I D I 
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D 
> WTracks 
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Figure 4.4· Interconnection Model of the FPGA. 
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programmable resources within the logic blocks, such as the memory bits of 
a lookup table. In this chapter, it is assumed that the programming technol­
ogy determines how both the routing switches and the lookup table memory 
bits are implemented. For this reason, there are two area parameters that are 
dependent on the programming technologies: BA and RP. BA stands for Bit 
Area, and refers to the area required to implement each memory bit of a 
lookup table. RP corresponds to the Routing Pitch, which is determined by 
the size of a routing switch, as explained shortly. 

As an example, in a static RAM-based FPGA BA is the area of a Static 
RAM bit (roughly 400flm2 in 1.2 Jlm CMOS), and for an antifuse-based 
FPGA it is the size of the antifuse and the associated programming transis­
tors (about 40flm2). Similarly, for EPROM-based FPGAs, BA is the size of 
an EPROM transistor and associated programming circuitry. 

The following section describes the logic and routing model used to 
calculate the area for lookup table-based FPGAs. The subsequent section 
describes a model for PLA-based FPGAs. 

4.1.3.1 Lookup Table-Based FPGAs 

The area of a logic block of the form shown in Figure 4.2 is composed 
of two parts: the area needed for a K-LUT, which is a function of K, and a 
fixed area for all other circuitry. The variable area for a K-LUT is propor­
tional to the 2K memory bits needed in its implementation. If there are MK­
LUTs, then there must be M x 2K memory bits. The fixed area is called FA, 
and includes circuitry required to access the K-LUT(s), the area required by 
the D flip-flop (if it is present) and all other associated circuitry. Using FA 
and BA, we have the following expression for the logic block area: 

Logic Block Area =FA +(MxBA X2K) 4.1 

In a 1.25Jlm CMOS technology, FA is estimated as 2100flm2 for logic blocks 
without a D flip-flop and 5100flm2 for logic blocks that contain a D flip-flop. 

The area required for the routing structures is a function of the space 
needed between tracks, called the Routing Pitch (RP), and the dimensions of 
the logic block. Each of the experimental studies uses a different expression 
to calculate the routing area. In [Rose9Oc], it is assumed that tracks must be 
spaced the width of a routing switch and that the switches are square. In 
[KouI92a] and [KouI92b] the routing pitch is treated in a more general way, 
and is varied independently as an experimental parameter. In [Rose90c], 
routing area per block is calculated as follows: given that the area of the 
logic block is known, it is assumed that the block is square, so that the length 
of one side of the block, CL, is given by CL = ...JLogic Block Area. From the 



Logic Block Architecture 95 

illustration in Figure 4.5 the routing area per block can be calculated as: 

Routing Area Per Block [Rose90cl = 2 ( CL x W x RP) + (W x RP P 4.2 

In [Koul92a] the routing area is calculated differently because it assumes a 
row-based FPGA. In that case, if each channel has W wires, then the routing 
area per block is given by: 

Routing Area Per Block [Koul92al = CL x W x RP 4.3 

Recall that [Hill91] does not perform the placement and routing steps. 
Their model accounts for routing area by simply counting the number of pins 
on the logic block, and assuming that each one requires a fixed amount of 
interconnection area. Other research has shown that routing area does corre­
late well with the number of pins on a logic block, so this is a reasonable 
approximation. The expression used to calculate logic block area is 
equivalent to Equation 4.1, with M = 1, but the routing area is given by 

Routing Area Per Block [Hill91] = CxBA [MXK-( ~ XZ)+(2M-1)] 4.4 

Here, C is a constant for routing area per logic block pin, and the remainder 
of the expression simply counts the numbers of input and output pins on the 
block, including those for multiplexers such as the one that was shown in 
Figure 4.3. Notice that there are fewer pins when pairs of K-LUTs share Z 
inputs. According to [Hill91], a reasonable value for C is equivalent to the 

CL WxRP 
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CL 
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CL + (W x RP) 
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Figure 4.5· Routing Area Modelfor [Rose90c}. 
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area for eight LUT memory bits. 

The total area for a circuit implemented with a particular logic block is 
then given by: 

Total Area = Nblock (Logic Block Area + Routing Area Per Block) , 

where Nblock is the number of logic blocks needed to implement the circuit, 
which is determined by the technology mapping. 

4.1.3.2 PLA-Based FPGAs 

As mentioned in Section 4.1.1, [KouI92a] and [KouI92b] study logic 
blocks based on K-input, M-output PLAs that can OR together a maximum 
of N product terms of the K inputs. The PLA model used is a pseudo-static 
NMOS PLA, and assumes that the programming elements are square. The 
logic block area is calculated differently than for the lookup tables. The fol­
lowing relation calculates the width of the PLA-based logic block: 

Cw =max(l8, ~BA )xK +max(lO, ~BA )xM +98. 

The block height is calculated as 

Ch =max(lO, ~BA )xN+136 

and the total block area is then 

Logic Block Area (PIA) [KouI92aj= CwxCh +FAxM , 

where FA is the fixed area per output. The routing area is calculated using 
Equation 4.3. 

4.1.4 Experimental Results and Conclusions 

The experimental procedure described above was performed on a 
variety of circuits in each of the four studies. The following sections 
presents the results. 

4.1.4.1 Single Output, K-Input Lookup Tables 

For a typical example circuit, Figure 4.6 shows the results of experi­
ments for the single output K-LUT with a D flip-flop that was illustrated in 
Figure 4.2. The solid curve in the figure shows that as the value of K is 
increased, the total number of blocks required to implement a circuit 
decreases. This makes intuitive sense since larger lookup tables can imple­
ment more logic. The dotted curve in the figure shows the area required for a 
single logic block, which increases exponentially with K, as defined by 
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Equation 4.1. Typical values are chosen for the BA and FA parameters to 
generate these results. The total area required for the logic blocks is given by 
the product of the two curves in Figure 4.6. However, this is only a part of 
the chip area needed in the FPGA, since it does not account for the routing 
structures. 

Figure 4.7 shows the effect of K on the area needed for routing struc­
tures, on a per logic block basis. The solid curve is the same as for Figure 
4.6 and the dotted curve was calculated using Equation 4.2. For these 
results, typical values were chosen for a.., and RP, and W was determined 
from the experimental procedure. The reason that the dotted curve increases 
for higher values of K is that W increases as K does. Again this makes intui­
tive sense because a logic block with more inputs will require more intercon­
nections. The total area in the FPGA needed for the routing structures is 
given by the product of the two curves. 

Figures 4.6 and 4.7 show the individual area requirements of the logic 
blocks and the routing structures. Combining the two results yields the total 
chip area required for the FPGA. Figure 4.8 illustrates this by showing a 
summary of results for several example circuits. The figure shows a family 
of curves, where each one corresponds to a different value of BA. Each 
curve in the figure represents an average over a set of 12 circuits. For each 
circuit, the total area is normalized to the smallest area that was achievable 
over all values of K. 
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Figure 4.6 - No. of Blocks and Block Area, for one Circuit. 
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Figure 4.8 provides two clear conclusions: 

1. The most area-efficient value for K is approximately 4. 

2. This result is largely independent of BA, the reasons for which are dis­
cussed in [Rose90c]. 

4.1.4.2 Multiple-Output, K-input Lookup Tables 

This section shows similar experimental results for M-output K-LUTs, 
where each output is generated by a separate K-LUT, and all K-LUTs share 
the same inputs. Figure 4.9 gives a plot of average normalized area versus K 
for LUTs of different size [KouI92a].Here, the area for each circuit is nor­
malized to the result obtained for K=2 and M=1. This figure confirms the 
conclusion reached in the previous section, that a 4-LUT is the best choice. 
Secondly, the plot indicates that it is a poor choice to have more than one 
output per K inputs, since a higher total chip area results. This is probably 
due to the fact that each output has a high cost, of 2K memory bits each. 
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Figure 4.9 -Average Normalized Total Area [KouI92a}. 
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4.1.4.3 PLA-based Logic Blocks 

Kouloheris and EI Gamal observed that the high functionality supplied 
by a K-input lookup table, particularly for K larger than five, is not necessary 
for typical circuits. For this reason, [KouI92a] and [KouI92b] investigated 
the area-efficiency of PLA-based logic blocks with K inputs, M outputs, and 
N product tenns. The total area required to implement circuits with these 
blocks was calculated using probability theory. For each K and M, a good 
value for N was chosen by calculating the mean of a probability density func­
tion of the number of product tenns for each of a set of benchmark circuits. 
Using those values of N, Figure 4.10 shows the total area required in the 
FPGA. Again, each curve is nonnalized to the result obtained for K=2 and 
M=1. For this figure, the value of the BA parameter was equivalent to that 
for an EPROM block [KouI92a]. It can be seen that the PLA that produces 
the smallest total area has 8 to 10 inputs, 3 or 4 outputs and 12 or 13 product 
tenns. Interestingly, when K is greater than about 4, the multi-output PLAs 
achieve better logic density than the single-output PLAs, in contrast to the 
lookup tables. 
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Figure 4.10 -Average Normalized Total Area [Koul92a}. 
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Comparing the total area required when using single output 4-LUTs 
versus PLA-based blocks (with K=lO, M=3, and N=12), [KouI92a] shows 
that the PLA approach requires an average of 4% less area. This may be 
significant because there are several area-saving optimizations yet to be tried 
for the PLAs. One possibility is fixing the OR plane (i.e., a PAL-like struc­
ture), similar to the architecture found in the Altera FPGAs that were 
described in Chapter 2. 

4.1.4.4 Decomposable Lookup Tables 

This section presents one example that illustrates the effects of having 
decomposable lookup tables, as described in Section 4.1.1. For these results, 
decomposable blocks with M = I, 2, 4, or 8 outputs are evaluated. For each 
of the different logic blocks, the total number of lookup table bits is kept 
constant at 25 = 32. This means that for the M = I case, the block has one 5-
LUT, for M=2 there are two 4-LUTs (similar to the example that was shown 
in Figure 4.3), for M=4 there are four 3-LUTs, and for M=8 there are eight 
2-LUTs. 

A decomposable block requires more area because of the routing area 
needed to connect to the increased number of pins. On the other hand, a 
decomposable block is more flexible, so fewer blocks are required to imple­
ment a given circuit. This is illustrated in Figure 4.11, which gives the aver­
age number of blocks required to implement a set of 15 benchmark circuits, 
and the area needed per block (including both the logic block area and the 
routing area), for each of the four values of M. Routing area was calculated 
using Equation 4.4. The product of the two curves gives the total area 
needed in the FPGA, which is shown in Figure 4.12. It is apparent that the 
best area (measured in equivalent bits) is achieved when Mis 4. Note that 
there is a significant gain in moving from a single output block to a two­
output block. This decreases the total number of blocks significantly, and 
more than makes up for an increase in the area required for routing structures 
due to the increased number of pins. 

4.1.4.5 Utility of D Flip-Flops 

It is important to determine if having a 0 flip-flop in the logic block is 
beneficial. If logic blocks do not have embedded flip-flops then whenever a 
flip-flop is required by a circuit, it will be necessary to use one or more 
blocks to implement it. Experimental results from [Rose90c] show that the 
number of logic blocks needed to implement example circuits increased by a 
factor of about 2 when the flip-flop was removed from the logic block, 
depending on the number of flip-flops in the original circuit. However, the 
logic block size without a 0 flip-flop is about twice as small, for K in the 
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range of 3 to 4. This means that the total logic block area without using a D 
flip-flop is roughly the same, but because there are about twice as many 
blocks, the area needed for routing resources will at least double, to realize a 
given circuit. Since routing area is the dominant part of the overall area, it is 
always better to include a D flip-flop. 
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4.1.4.6 Summary of Area Results 
The discussion in the previous sections leads to the following conclu­

sions: 

1. A 4-input lookup table is the best choice among single-output, K-input 
lookup tables. 

2. Since every connected pin on a logic block incurs a significant penalty 
for routing area, logic blocks that have a high functionality per pin are 
area-efficient. 

3. Among K-input, multi-output lookup tables for which each output 
requires an additional 2K bits, the single-output lookup table is the most 
area-efficient. 

4. For PLA-based logic blocks, the best area is achieved when the PLA 
has 8 to 10 inputs, 3 or 4 outputs, and 12 or 13 product terms. A 
multi-output PLA is superior to a single-output PLA, because the 
expense of additional outputs is small. These blocks appear to be 
slightly better than the 4-input lookup table. 

5. It is beneficial to have multiple outputs in a lookup table-based block if 
it is decomposable. In particular, rather than a single 5-LUT table, it is 
better to have the option of two 4-LUTs, and better still to allow four 
3-LUTs. However, the increased routing requirements of having eight 
2-LUTs is greater than the saving achieved with the greater flexibility 
and so this final option is inferior. 

6. It is advantageous to include a flip-flop in the logic block, because most 
circuits need sequential logic, and it is expensive to create the flip-flops 
by using purely combinational logic blocks. 

4.2 Impact of Logic Block Functionality on FPGA Performance 
The functionality of the logic block has a significant effect on the per­

formance of an FPGA. As functionality increases, the number of levels of 
blocks required to implement a circuit will decrease because more logic can 
be implemented in a single block. The delay of each logic block will likely 
increase, but since there will also be fewer stages of routing, and routing 
delays in FPGAs are large, the overall delay wi11likely decrease. This can be 
illustrated by the following example. Figure 4.l3a gives the implementation 
of the logic function /=abd+abc+acd using two-input NAND gates as the 
logic blocks. It requires four levels of blOCks in the critical path. Figure 
4.13b shows an implementation of the same function using 3-input lookup 
tables, which requires only two levels. The latter involves two fewer stages 
of routing, and since the programmable interconnect in FPGAs is normally 
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slow, this will likely lead to a significant decrease in delay. However, 
increasing the functionality of the logic block is likely to increase its combi­
national delay. The 2-input NAND gate has a delay of about 0.7ns and the 
3-input LUT has a delay of l.4ns, in a 1.2~m CMOS process. Clearly, for a 
non-zero routing delay between the blocks, the higher functionality of the 3-
LUT will result in a faster circuit. 

In this section, we will describe an empirical approach and model that 
have been used to study the effect of the logic block functionality on the per­
formance of an FPGA. It will focus on the research reported in 
[Sing91a][Sing91b][Sing92] and [KouI91]. 

4.2.1 Logic Block Selection 

As discussed in Chapter 2, there are many kinds of FPGA logic blocks. 
In [Sing92], many different types of logic blocks were studied by using a 
simple experimental procedure and abstract model for delays. By contrast, 
[KouI91] examined a single class of logic blocks (K-input lookup tables) 
using a more complete procedure and a detailed model for delays. 

Four classes of logic blocks were selected for comparison in [Sing92]: 
NAND gates, multiplexers, K-input lookup tables and wide AND-OR gate­
based blocks. Table 4.1 gives the names of the logic blocks used and 
describes each one. Two types of NAND gates were considered: a simple 
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Figure 4.13 - Two Implementations off = abd + abe + aed. 
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Block logic Delay (ns) 
Name Function 1.2J.lm CMOS 

NAND Gates 

nand2 2-input NAND gate 0.70 

nand3 3-input NAND gate 0.88 

nand4 4-input NAND gate 1.08 

nand2pi 2-input NAND gate with prog iny 1.26 

nand3pi 3-input NAND gate with prog iny 1.42 

nand4pi 4-input NAND gate with prog iny 1.80 

Multiplexers 

mux21 2 to I mux 1.08 

mux41 4 to I mux 1.31 

Actel Actel Act-I block 1.31 

Lookup Tables 

K2 2-input I-output lookup table 1.39 

K3 3-input I-output lookup table 1.44 

K4 4-input I-output lookup table 1.71 

K5 5-input I-output lookup table 2.03 

K6 6-input I-output lookup table 2.38 

K7 7-input I-output lookup table 2.85 

K8 8-input I-output lookup table 3.26 

K9 9-input I-output lookup table 3.78 

AND-OR Gates 

a203pi OR of 3, 2-input product terms 1.88 

a403pi OR of 3, 4-input product terms 2.17 

a803pi OR of 3, 8-input product terms 2.69 

al603pi OR of 3, 16-input product terms 3.77 

a3203pi OR of 3, 32-input product terms 5.98 

a205pi OR of 5, 2-input product terms 1.98 

a405pi OR of 5, 4-input product terms 2.27 

a805pi OR of 5, 8-input product terms 2.80 

al605pi OR of 5, 16-input product terms 3.95 

a3205pi OR of 5, 32-input product terms 6.05 

Table 4.1 • Logic Block Selection and Delay per Block. 
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NAND gate and one that has a programmable inversion capability, in which 
inputs to the gate can be true or complemented. In the multiplexer class, 2-
tool and 4-to-l multiplexers were investigated as well as the Actel ACT-l 
logic block. In the lookup table class, K-LUTs with a single output were 
selected, with K varying from 2 to 9. Lookup tables were studied in both 
[Sing92] and [KouI91]. 

The AND-OR-based blocks that were examined have a structure simi­
lar to that in Altera FPGAs. Each of these blocks are described in Table 4.1, 
using the notation aKoNpi, where K is the total number of inputs that can be 
selected to form N separate product terms. The product terms are ORed 
together to generate the output. For example, a803pi has eight inputs, each 
of which can be selected to form three separate product terms that are ORed 
together. These gates have the programmable inversion capability. 

Table 4.1 also gives the worst-case delay for each logic block, deter­
mined using the Spice 2G6 circuit simulator [Vlad81], assuming a 1.21lm 
CMOS process. 

4.2.2 Logic Synthesis Procedure 

Similar to Section 4.1.2, an experimental procedure is required to take 
benchmark circuits and "implement" them as FPGAs that use the desired 
logic blocks. The difference is that the synthesis procedure is directed 
toward optimizing the performance, rather than the area. Thus, each bench­
mark circuit is converted into a network of logic blocks while minimizing the 
number of blocks along the paths between the primary inputs and the outputs 
of the circuit. 

The experimental procedure used in [Sing92] involves first performing 
technology-independent logic optimization, which was discussed briefly in 
Chapter 3, and then technology mapping. For the technology mapping step, 
the best available algorithm for each type of logic block was used. The 
NAND gates and multiplexers were mapped using the mis 2.2 technology 
mapper [Detj87]. The lookup tables were mapped in [Sing92] using 
Chortle-d [Fran91b] which was described in Chapter 3, and in [KouI91] by 
Chortle-crf [Fran91a] which was also described in Chapter 3. The AND-OR 
gates were mapped using a mathematical approximation based on the 
number of inputs to each product, and the number of products. For the study 
in [Sing92], the synthesis procedure ends at this point. The experimental 
procedure used in [KouI91] differs from the one described above. In 
[KouI91], technology mapping is performed first and then placement and 
routing. The next section describes the way in which the outputs of the 
experimental procedures are used to measure delays. 
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4.2.3 Model for Measuring Delay 

In [Sing92], the speed of a circuit implemented in an FPGA with a 
given logic block is a function of the combinational delay of the logic block, 
DLB , the number of logic blocks in the critical path, NL, and the delay 
incurred in the routing between logic blocks, DR. Assuming that each stage 
of block incurs one logic block delay and one routing delay, then the total 
delay, DTOT is 

DTOT =NLX(DLB+DR ). 

The value of NL can be determined for each circuit after the technology map­
ping step. Each value of DLB is given in Table 4.1. 

The value of DR is more difficult to determine. It is a function of the 
routing architecture, the fanout of a connection, the length of the connection 
(which would be determined by the physical placement), the process technol­
ogy, and the programming technology. In [Sing92] none of these parameters 
were fixed. Instead, the experimental results below are given as a function of 
DR' rather than choosing a specific value for DR. 

[KouI91], in contrast, assumed a specific routing architecture: the row­
based architecture present in Actel FPGAs; as described in Chapter 2. The 
routing switches are characterized as having a switch time constant 
T sw = Rsw x Csw' where Rsw is the on-resistance of the switch and Csw is its 
capacitance. Since full placement and routing was performed, RC networks 
could be obtained for the interconnections. The analytic expressions in the 
Rubenstein-Penfield model [Rube83] were then used to calculate approxima­
tions for the delays. 

4.2.4 Experimental Results 

A total of sixteen benchmark circuits were used for the study in 
[Sing92]. The circuits range in size from 28 to over 700 two-input NAND 
gate equivalents. Each circuit was passed through the synthesis procedure 
described in Section 4.2.2, once for every logic block listed in Table 4.1. 
[KouI91] is also based on many benchmark circuits, of various sizes. 

We first present the results for K-input lookup tables since these match 
well with the area experiments presented in Section 4.1, and because varying 
K from 2 to 9 represents a broad range of functionality. The subsequent sec­
tions cover NAND gates, multiplexers, and wide AND-OR gates respec­
tively, with the last section making a comparison of the best blocks in each 
of the four classes. 
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4.2.4.1 Lookup Tables 

Figure 4.14 shows the average number of logic block levels in the criti­
cal path and the block delay for lookup tables that have from 2 to 9 inputs. 
The data is averaged over the set of benchmark circuits used in [Sing92]. 
The figure shows that as functionality (K) increases, the number of logic 
blocks in the critical path decreases, while the combinational delay of the 
logic block increases. 

The product of the two curves in Figure 4.14 gives the total delay due 
to the logic blocks. Adding this to the product of the solid curve in the figure 
and DR (i.e., the total routing delay) yields the total delay, DTOT. The results 
of performing these calculations are shown in Figure 4.15, for four values of 
DR. Typical values for DR in real FPGAs range from about 2.5ns to IOns in 
1.2J.lm CMOS [Vuil91]. 

For very fast routing delay (DR =0), the total delay is strictly a function 
of the number of logic block levels, NL and the delay of the logic block, DLB • 
As shown in Figure 4.15, for values of K greater than 2, the total delay, 
DTOT , is almost constant. This implies that as K is increased above 3, a 
reduction in delay due to a lower NL is offset by a higher DLB • Thus for zero 
routing delay, a 3- or 4-input lookup table is the best, because these have the 
lowest area. 

As DR increases, the cost in delay of each logic block level begins to 
dominate, and so the blocks with lower values of NL achieve superior 
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Figure 4.14 - Avg. No. of Logic Block Levels and Block Delay for K-LUTs. 
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perfonnance. For DR = 2 the lowest delay is reached at about the 5- or 6-
input cases. For DR =4, the best perfonnance is achieved at about 6 or 7 
inputs. The actual choice of a block might be more strongly influenced by 
the fact that each added input doubles the number of bits in the lookup table, 
and hence the area. Thus, the 5- and 6-input lookup tables are good choices 
for DR = 2 and DR =4 ns, which are realistic values for routing delay. 

As DR increases to 10 ns, the best value of K continues to increase, to 
about K = 8. It is clear that for large routing delays it is advantageous to have 
highly functional logic blocks, because the number of logic block levels will 
be reduced. The advantage stems from the fact that the routing delay far 
exceeds the logic block delay in this case. 

The results reported in [KouI91] are very similar to those shown in Fig­
ure 4.15, even though the synthesis procedure continued through placement 
and routing, and a full RC-network delay was calculated. This serves to 
strengthen the results from [Sing92], since they were based on more abstract 
models. 

4.2.4.2 NAND Gates 

Figure 4.16 shows the results for the NAND gates. It gives the average 
number of logic levels in the critical path (the solid lines) and the delay of 
each block (the dotted lines) for 2-,3- and 4-input NAND gates. The curves 
marked with triangles are for gates with programmable inversion and the 
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curves marked with bullets do not have programmable inversion. It is clear 
from the figure that the programmable inversion feature significantly reduces 
the number of blocks in the critical path. However, the programmable inver­
sion increases the delay per logic block, by about 0.6 ns. 

Figure 4.17 gives the total delay for the NAND gates. It shows that, for 
all but DR =0, the NAND gates with programmable inversion give better per­
formance than the NAND gates without this feature. This is because at 
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higher routing delays the difference in gate delays is more than compensated 
for by the saving in the number of levels. Only for DR =0 do the NAND 
gates without programmable inversion yield better performance. 

The figure also suggests that there is little or no improvement beyond a 
3-input NAND gate, which means that the reduction in the number of levels 
does not compensate for the increased block delay. 

4.2.4.3 Multiplexer-Based Blocks 

The experimental data for the three multiplexer configurations is given 
in Table 4.2. The first column names the gate, the second lists the combina­
tional delay from Table 4.1, the third gives the average number of logic 
blocks in the critical path, NL , over all 16 circuits, and the fourth column 
contains the standard deviation of this average. Columns 5 through 8 give 
the total delay, DTOT , for different values of the routing delay, DR. The Actel 
logic block exhibits the lowest NL • This is due to the high number of logic 
functions that this block can perform. The combinational delay of the Actel 
logic block is the same as that of a 4-to-l multiplexer (mux41), and because 
it leads to a lower NL , it gives better performance for all values of DR. 

Logic DLB NL St. DTOT = NL X (DLB + DR ) 
Block (ns) Dev. DR=O DR=2 DR=4 DR=10 

(os) (os) (os) (os) 
mux21 1.1 9.9 4.7 11 30 50 110 
mux41 1.3 6.1 2.3 8 20 33 69 
Actel 1.3 4.4 2.0 6 15 23 50 

Table 4.2 - Avg. Critical Path Length & Total Delay for Multiplexers. 

4.2.4.4 AND-OR Gates 

Figure 4.18 presents the results for the wide AND-OR gates. For these 
results, the values 3 and 5 have been chosen for the number of product terms, 
N. The figure shows that the 5-product term block provides a significant 
decrease in the number of logic levels over the 3-product term case, yet its 
combinational delay is only slightly larger, for all values of K from 2 to 32. 
Since the 5-product term blocks are superior to the 3-product term blocks, we 
will give the total delay results only for N = 5. 

The total delay for the aK05pi block is plotted in Figure 4.19. As 
before, for low values of DR the lower fuoctionality blocks are superior, and 
the higher functionality blocks perform well for higher values of DR' When 
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longer routing delays are assumed, then the blocks with greater K become 
more attractive. 
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4.2.4.5 Overall Comparison 

Figure 4.20 gives the total delay of the best logic blocks from each 
class as a function of DR' More details for each block are provided in Table 
4.3. The table gives the individual values of DLB and NL for each block, the 
standard deviation of NL , and the DTOT for each value of DR' An interesting 
conclusion from this data is that the fine-grain logic blocks, such as the 2-
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input and 3-input NAND gates (even with programmable inversion) exhibit 
markedly lower performance than any other class of logic blocks. This is a 
significant conclusion, given that some commercial FPGAs use the two-input 
NAND gate as the basic logic block. Note that the result is true even for a 
routing delay of zero, which provides an interesting perspective on mask­
programmed architectures. They currently use NAND gates as their basic 
block, but should perhaps use a higher functionality block, as suggested in 
[ElGa89a]. 

At zero routing delay, the Actellogic block is the fastest because it has 
a very small combinational delay, combined with a low number of logic 
block levels. 

Dtot 
(ns) 

.' nand2 
150 

100 nand3pi 

.... ~3g~gi 
...... .... Actal 

~::::: ... ~ ... ~ .. ' .~ ....... s:c8f 
50 

-o~~--~----~--------------~----~ 
o 2 4 10 
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Figure 4.20 - DTOT VS DR for Best Blocks in Each Class. 

For the mid-range routing delays (2ns ~ DR ~ 4ns) the 5- and 6-input 
lookup tables and the Actel logic block exhibit similar delays, with the 
lookup tables being slightly faster. At this point the routing delay is mostly 
greater than the logic block delay, and so the number of logic block levels 
begins to dominate in the comparison. These blocks have quite low values 
of NL. The wide AND-OR gates, which have NL close to the Actel block, 
exhibit worse performance because of a significantly higher combinational 
delay. 

For large delays (DR = IOns) the 5- and 6-input lookup tables are 
significantly faster. This is because here the only important factor is the 
number of logic levels, and as Table 4.3 shows, the lookup tables have 
significantly lower values of NL • Notice that the wide AND-OR gates do not 
approach this level. It is possible, however, that improved technology 
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mapping tools could enhance the results for these blocks, as discussed in 
[Sing92]. 

Logic DLB NL St. DTOr = NL x (DLB +DR) 
Block (ns) Dv. DR=O DR=2 DR=4 DR=lO 

(ns) (ns) (ns) (ns) 
nand2 0.70 15.2 5.8 11 41 71 163 

nand3pi 1.4 9.3 3.8 13 32 50 106 
a405pi 2.3 4.8 1.2 11 20 30 58 
a805pi 2.8 4.1 1.2 12 20 28 53 
Actel 1.3 4.4 2.0 6 15 23 50 

K5 2.0 3.4 1.2 7 14 21 41 
K6 2.4 2.8 1.0 7 12 18 35 

Table 4.3 • Overall Comparison of Critical Path Length and Total Delay. 

4.2.4.6 Limitations of Results 

We should note that these results depend heavily on the quality of the 
logic synthesis tools. We have observed changes in the results by moving 
from technology mappers that optimize for area to those that optimize for 
delay. In the experiments used to generate the results, the best mapping tools 
available have been used. 

4.2.4.7 Summary of Performance Results 

This section has explored the relationship between the logic block 
architecture and the speed of the resulting FPGA. The main conclusions are: 

1. 5- and 6-input lookup tables and the Actellogic block are good choices 
for mid-range values of routing delay. 

2. Fine-grain logic blocks, such as 2-input NAND gates, result in a 
significantly worse delay. 

3. The programmable inversion capability on the inputs of small gates, 
such as NAND gates, improves their performance. 

4. For wide AND-OR gates, blocks with five product terms exhibit supe-
rior performanc~ over three product terms. 

It seems that the wide AND-OR gates do not achieve performance compar­
able to the best blocks, but it is possible that better logic synthesis for these 
blocks would lead to improved performance. 
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4.3 Final Remarks and Future Issues 
A clear conclusion from the research discussed in this chapter is that 

fine-grain logic blocks are a poor choice in terms of both area and perfor­
mance. The reason is that they require too many stages of routing, and rout­
ing structures in FPGAs are both large and slow. On the other hand, too 
much functionality can be a disadvantage as well, since the results of Section 
4.1.4.1 show that having an excessive number of pins connected to a block 
results in greater total chip area. Thus, a high functionality per pin is a 
definite advantage, which is why lookup tables appear to be a good choice 
for a logic block. It was shown that the best value for K in a K-input lookup 
table is 4. 

There are many possibilities in logic block architecture that are worth 
exploring. Some of these are: 

1. Further investigation of PLA-based structures may show that these 
blocks have a significant advantage in terms of total area. 

2. Decomposable lookup tables, discussed in section 4.1.4.4, warrant 
further investigation. 

3. Non-homogeneous arrays of logic blocks may offer better performance 
versus area tradeoffs than do homogeneous arrays. 

4. Hierarchical organizations of FPGAs may be better than flat FPGAs. 

The material presented in this chapter is based on early research 
attempts to study experimentally the effects of logic block architecture on the 
logic density and performance of FPGAs. The reported results are only as 
good as the CAD tools used to generate them. The development of superior 
tools will undoubtedly lead to better assessment of the architectural choices 
and probably to better architectures. 



CHAPTER 

5 
Routing 

for FPGAs 

In Chapter 3, technology mapping in CAD systems for FPGAs was discussed 
in detail. The next step in such systems is the placement of the logic blocks. 
This problem in the FPGA environment is very similar to placement tasks for 
other technologies, for example standard cells. A number of efficient tech­
niques for placement have already been developed and well documented in 
the technical literature [Hanan] [Sech87]. Since these techniques can easily 
be adapted to use for FPGAs, we will not pursue the placement task in this 
book. This chapter focuses on the next step in the CAD system, where the 
routing of interconnections among the logic blocks is realized. As Figure 5.1 
indicates, routing is the final phase of a circuit's implementation, after which 
the FPGA can be configured by a programming unit. 

The routing algorithms that are appropriate for an FPGA depend on its 
routing architecture. Algorithms for two different architectures are examined 
in this chapter: one that has only horizontal routing channels (row-based 
FPGA), and one that has both vertical and horizontal routing channels (sym­
metrical FPGA). In terms of the FPGAs described in detail in Chapter 2, the 
first type corresponds to an Actel architecture, while the second resembles a 
Xilinx chip. Note that the routing issues for PLD-like FPGAs, such as those 
offered by Altera, are not discussed in this chapter. In these architectures 
routing is simple, because they contain uniform interconnection structures 
that provide complete connectivity. Before proceeding to specific routing 
algorithms, we will first define some common routing terminology and then 
give an overview of the routing strategy that is used. 
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Figure 5.1 -A Typical CAD System for FPGAs. 

5.1 Routing Terminology 
Software that performs automatic routing has existed for many years, 

the first algorithms having been designed for printed circuit boards. Over the 
years there have been many publications concerning routing algorithms, so 
that the problem is well defined and understood. The following list defines 
the routing terminology that is used throughout this chapter: 
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• pin - a logic block input or output. 

• connection - a pair of logic block pins that are to be electrically con­
nected. 

• net - a set of logic block pins that are to be electrically connected. A 
net can be divided into one or more connections. 

• wire segment - a straight section of wire that is used to form a part of a 
connection. 

• routing switch - a programmable switch that is used to electrically con­
nect two wire segments. 

• track - a straight section of wire that spans the entire width or length of 
a routing channel. A track can be composed of a number of wire seg­
ments of various lengths. 

• routing channel - the rectangular area that lies between two rows or 
two columns of logic blocks. A routing channel contains a number of 
tracks. 

5.2 General Strategy for Routing in FPGAs 
Because of the complexity involved, the solution of large routing prob­

lems, such as those encountered in FPGAs, usually requires a "divide and 
conquer" strategy. This approach is extolled in the three-step process 
described in [Loren89]: 

1. Partition the routing resources into routing areas that are appropriate for 
both the device to be routed and the routing algorithms to be employed. 

2. Use a global router to assign each net to a subset of the routing areas. 
The global router does not choose specific wire segments and routing 
switches for each connection, but rather it creates a new set of restricted 
routing problems. 

3. Use a detailed router to select specific wire segments and routing 
switches for each connection, within the restrictions set by the global 
router. 

The advantage of this approach is that each of the routing tools can 
more effectively solve a smaller part of the routing problem. More 
specifically, since the global router need not be concerned with allocating 
wire segments or routing switches, it can concentrate on more global issues, 
like balancing the usage of the routing channels. Similarly, with the reduced 
number of detailed routing alternatives that are available for each connection 
because of the restrictions introduced by the global router, the detailed router 
can focus on the problem of achieving connectivity. 
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This strategy has been adopted for routing in both types of FPGAs that 
are discussed in this chapter. The global router first selects routing channels 
for each connection. Then, within the constraints imposed by the global 
router, the detailed router implements each connection by choosing specific 
wire segments and routing switches. It will be apparent that the global rout­
ing issues are similar in both row-based and symmetrical FPGAs, but the 
detailed routing problems warrant substantially different algorithms. 

5.3 Routing for Row-Based FPGAs 
As depicted earlier, in Figure 2.1, a row-based FPGA consists of rows 

of logic blocks that are separated by horizontal routing channels. This sec­
tion describes routing algorithms that have been developed specifically for 
this class of FPGAs [Green90]. 

An FPGA based on the Actel architecture is illustrated in Figure 5.2. 
As shown, the routing channels consist of horizontal wire segments of vari­
ous lengths, separated by routing switches. Adjacent wire segments can be 
joined together, allowing longer segments to be formed where necessary. 
Dedicated vertical segments are attached to the logic block pins and can be 
connected via routing switches to any horizontal wire segments that they 
cross. There are also other vertical segments that serve as "feed-throughs" 
from one routing channel to another. Note that Figure 5.2 shows only the 
dedicated vertical segments for the logic block marked by "*". Also, only 
three vertical feed-throughs are shown to avoid cluttering of the figure. 

The connectivity illustrated in Figure 5.2, specifically the fact that all 
horizontal and vertical wire segments that cross can be connected, allows the 
routing problem to be partitioned into individual channels. This resembles 
classic channel routing in any row-based architecture, except that in classic 
channel routing wire segments can be placed freely wherever they are 
needed, whereas the wire segments in an FPGA are fixed in place before 
routing is performed. It is still possible to use classic routing algorithms for 
some special cases [Green90], but in general a new approach is required. 

As indicated in Section 5.2, the first step in the routing process is global 
routing. This entails first dividing each multi-pin net into a set of connec­
tions, and then assigning each connection to a specific routing channel. The 
global router can use the vertical feed-through segments for nets that span 
multiple channels. Since global routing in this context is very similar to that 
in other row-based technologies, such as standard cells, existing algorithms 
can be used. Good global routing techniques have been widely published for 
those technologies [Loren89] [Sech87] [Cong88] [Rose90a], so they will not 
be described here. 



Routing for FPGAs 

/ 
Logic Block 

/ 
Dedicated Vertical Segment 

r 
7 1 1 7 1 I 

~ ~ 

r I I * I I 
:t: 

r 1 1 1 I 
HOrizontal Wire Segments Feed-throughs 

Figure 5.2 - A Row-Based FPGA. 

5.3.1 Introduction to Segmented Channel Routing 

I 

I 

Routing 
Switch 

121 

After global routing, each channel can be considered as a separate 
detailed routing problem. A channel will contain some number of connec­
tions, each one involving logic block pins or vertical feed-throughs. The task 
of the detailed routing algorithm is to allocate wire segments for each con­
nection in a way that allows all connections to be completed. In addition, it 
may be necessary to minimize the routing delays of the connections. This 
can be accomplished by limiting the total number and length of segments 
used by a connection. The appropriate algorithm depends on the segmenta­
tion of the tracks and the requirements for minimizing delays, as discussed 
below. 

Figure 5.3a shows an example of a routing problem in which the con­
nections called C, to C4 are to be routed. Figure 5.3b indicates how the con­
nections might be routed in a mask-programmed channel, where there is 
complete freedom for placing the wire segments. The channel is divided into 
columns, as shown by the vertical segments in the figure. Some columns 
represent logic block pins and others are vertical feed-throughs. As the 
column labels in the figure indicate, each of C 1 to C4 specifies two columns 
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that are to be connected. Figures 5.3c - 5.3f present several different 
scenarios for a segmented FPGA channel, and suggest routing solutions for 
each segmentation. Routing switches are indicated by circles, with an ON 
switch drawn solid and an OFF switch drawn hollow. 

Figure 5.3c depicts one extreme for the track segmentations, in which 
every track is fully segmented. In this case, each segment spans only one 
column, meaning that multiple segments are required for every connection. 
As shown, the four connections can be routed in this architecture with only 
two tracks. A routing solution can be obtained using a straight-forward 
approach, such as the left-edge algorithm described in [Hash71]. In this 
algorithm, the connections are first sorted in ascending order according to 
their leftmost pins. Each connection is then assigned to the first track that is 
available. This simple scheme is guaranteed to require a number of tracks 
equal to the channel density, since there are no "vertical constraints" 
[Loren89] (because the vertical segments can all connect to every track). 
The shortcoming of the fully segmented channel is that there are an excessive 
number of routing switches. Since the programmable switches in FPGAs 
always have significant resistance and parasitic capacitance, this would cause 
relatively large routing delays. 

The opposite extreme to full segmentation is depicted in Figure 5.3d, 
which shows a channel in which each track contains only one segment for its 
entire length. In this case, the number of tracks required for routing is 
always equal to the number of connections. No routing algorithm is neces­
sary since any choice of track for a connection will do. The problem with 
this segmentation is that excessive area is required for the large number of 
tracks, and each connection will be subjected to a large capacitive load due 
to the long segments. 

An intermediate approach to channel segmentation is illustrated in Fig­
ure 5.3e, where the tracks have segments of various lengths. Each connec­
tion must be routed in a single segment, since no switches are available 
where segments in the same track meet. This I-segment problem is a special 
case of segmented routing and can be solved using the simple algorithm 
described in Section 5.3.2. 

Additional flexibility in the channels can be added by allowing seg­
ments that abut to be joined by switches, as depicted in Figure 5.3f. This 
implies that connections can occupy more than one segment and greatly 
increases the complexity of the problem. A general algorithm for this class 
of segmented routing problem is presented in Section 5.3.3. 
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Figure 5.3 - Examples of Segmented Channels. 
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5.3.2 Definitions for Segmented Channel Routing 

Before describing the routing algorithms, this section first presents 
some definitions that are specific to segmented routing. A segmented routing 
problem consists of a set of M connections, called C 1, ... , CM. and a set of T 
tracks numbered from 1 to T. Each track extends from column 1 to column 
N and comprises segments of various lengths. Segments that abut in the 
same track can be joined together by switches, which are placed between two 
columns. A small example of a routing problem is depicted in Figure 5.4, 
where M is 5, Tis 3, and N is 10. 

Each connection, Cj , is characterized by it leftmost column, called 
left ( Cj ). It is assumed that the connections have been sorted according to 
their left ends, so that left ( Cj ) :s;; left ( Cj ) for all i less than j. A routing algo­
rithm can assign a connection to a track t, in which case the segments 
spanned by the connection are considered occupied. For example, in Figure 
5.4 connection C 3 would occupy the two rightmost segments if assigned to 
track 1, or the three rightmost segments if assigned to track 3. 

A valid routing of a set of connections is defined as an assignment of 
each connection to a track such that no segment is occupied by more than 
one connection. A more restrictive definition is that of a K-segment routing, 
which is a valid routing that satisfies the additional requirement that no con­
nection occupies more than K segments. As mentioned earlier, it may also 
be desirable to minimize the total lengths of the segments assigned to the 
connections, which is called delay optimization. 

2 3 4 5 6 7 8 9 10 

Figure 5.4 - A Segmented Routing Problem, M = 5, T = 3, and N = 10. 

5.3.3 An Algorithm for 1-Segment Routing 

A segmented routing problem in which each connection should use 
only one segment is a special case that can be solved by the following greedy 
algorithm. Assume that there are M connections and T tracks. Assign the 
connections in order of increasing left ends as follows. For each connection, 
find the set of tracks in which the connection would occupy one segment. 
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Eliminate any tracks in which this segment is already occupied. From the 
remaining tracks, assign the connection to the one whose rightmost end is 
furthest to the left. This simple scheme is guaranteed to find a solution for 
any set of connections in any segmented channel, if a solution exists. Since 
it is necessary to check each track for each connection, the run-time of the 
algorithm would be O(MT). An example of a I-segment routing problem 
was illustrated in Figure 5.3e. Note that for the track segmentations and con­
nections that are shown in Figure 5.4, a valid I-segment routing is not possi­
ble. 

5.3.4 An Algorithm for K-Segment Routing 

For K greater than 1, it has been shown [Green90] that K-segment rout­
ing belongs to the class of problems known as NP-complete. This section 
presents an algorithm that is guaranteed to find a solution for a K-segment 
problem, if a solution exists. The algorithm works by building a data struc­
ture, called an assignment tree, to represent the effect of optionally assigning 
each connection to each track. After the assignment tree is completely con­
structed, a routing solution can be read directly from it. 

c 1 

Track 

1 
2 
3 

( c 2 

\ 
c 3 

+ • .--
2 3 4 5 6 7 8 9 10 

Shaded areas mark the frontier position in each track 
The frontier is x= (6, 9, 1) 

Figure 5.5 • An Example of a Frontier. 

5.3.4.1 Frontiers and the Assignment Tree 

Afrontier is a function that shows how a valid routing of a set of con­
nections, C 1 to Ci , can be extended to include the next connection, Ci +1• As 
an example, consider the routing problem in Figure 5.4. Assume that con­
nections C1 and C2 have been assigned to tracks 1 and 2, respectively, as 
depicted in Figure 5.5. The frontier marks the leftmost column at which each 
track is still unoccupied, as indicated by the shaded areas in the figure. It is 
apparent that connection Ci+l can be assigned to a track if the frontier has not 
advanced past left ( Ci +1 ). In Figure 5.5, C3 can be assigned only to track 3. 
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Given a valid routing of C 1> ••• , C;, the frontier, x, can be specified by 
the T-tuple (x [1], x [2], ... , x [T]), where x [t] is the leftmost column in track 
t in which the segment present in that column is not occupied. The T -tuple 
then provides enough information to determine which tracks are available for 
connection C; +1' For the special case of i = 0, define the initial frontier 
x 0 = ( 0,0, ... , 0). For i = M, define the final frontier XM' 

Frontiers are used to build a data structure called an assignment tree, 
which is a graph that keeps track of partial routing solutions. Level 0 of the 
assignment tree represents the frontier Xo. A node at level i corresponds to a 
frontier resulting from some valid routing of C I, ... , C;. The assignment tree 
has a maximum of M levels, one for each connection. If a valid routing of all 
M connections exists, then level M of the assignment tree will contain a sin­
gle node corresponding to XM' Otherwise, level M will be empty. 

The assignment tree is the heart of the K-segment routing algorithm. 
Given level i of the tree, level i + 1 can be constructed inductively as follows 
[Green90]: 

for each node X; in level i { 
for each track t, 1::;; t ::;; T { 

ifx;[t]~left(C;+!) { 
if C; +1 would occupy::;; K segments in track t { 

/* C;+I can be assigned to track t */ 
let X;+I be the new frontier when Ci+1 is assigned to track t 
if X;+I is not yet in level i + 1 { 

} 

} 
else { 

add node x; + 1 to leveli + 1 
add an edge from node x; to node X;+!. Label it with t 

/* x; [t] > left ( Cj +! ) so C;+I cannot be assigned to track t */ 

The above procedure is applied once for each of the M connections to 
be routed. Once level M has been reached, a valid routing can be obtained by 
retracing the path from node XM to node Xo. If no nodes are added to the 
assignment tree for some level i + 1 then no valid routing of the connections 
exists. 
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As mentioned earlier, it may also be desirable for the routing algorithm 
to optimize the total lengths of the segments used by the connections. With a 
minor variation, the assignment tree can solve this problem as well. Each 
edge, labeled t, should be assigned an additional label, w, which represents 
the weight of the edge and corresponds to the total length, measured in 
columns spanned, of all segments assigned to C I , ... , Cj +l' The construction 
of the assignment tree is modified as follows. When considering track t for 
Ci +1 ' if a search at level i + 1 finds that the new node Xj+1 already exists, 
examine the weight of its current incoming edge relative to weight w. If the 
latter is smaller, replace the edge entering Xj+l with edge t from Xi' Using this 
scheme, the solution traced back from node XM will correspond to a minimal 
weight routing. 

5.3.4.2 An Example of an Assignment Tree 

An example of an assignment tree for the routing problem in Figure 5.4 
is given in Figure 5.6. The figure shows a valid 2-segment routing, with 
delay optimization. The frontiers are given inside the nodes of the tree. 
Each edge has a two-part label (t, w). This corresponds to an assignment of 
Ci+1 to track t, with a cumulative length of all segments used for C I, ... , Cj+l 

of w. The routing solution that can be traced back from node XM is shown by 
the bold edges. In the figure, an edge marked with an S has been abandoned 
because it represents the assignment of a connection to a track in which the 
connection would occupy more than two segments. An edge marked with * 
is abandoned because it leads to a frontier that is already present in level i + 1. 

level 0 level 1 level 2 level 3 level 4 levelS levelM 

2,11 6,9,1 3 S 

Figure 5.6 - An Example of an Assignment Tree. 
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5.3.4.3 Run-time of the K-Segment Routing Algorithm 

The run-time of the K-segment routing algorithm can be determined by 
noting that for a connection Cj +1' each track must be considered for each 
node at level i. This involves checking each of the T -tuple frontiers in each 
node, leading to a run-time of 0 (MLT2 ), where L is the maximum number of 
nodes per level. For a K-segment routing, it can be shown [Green90] that 
L;5;(K+ll, which yields a run-time of O(MT2(K+ll). Thus, even though 
K-segment routing is NP-complete, the algorithm shown above has a linear 
run-time in the number of connections, M, when the number of tracks, T, is 
fixed. 

5.3.5 Results for Segmented Channel Routing 

This section presents some results of experiments with segmented 
channel routing [Green90]. Two different segmented channels are used. In 
one channel, called Segmentation-I, the lengths of the segments are tuned so 
as to give a high probability of achieving a I-segment routing of a set of con­
nections. In the other channel, called Segmentation-2, the segments are 
tuned for 2-segment routing. The connections that are to be routed are 
chosen from a probability distribution that specifies both the starting point of 
a connection and its length. This distribution is based on real placements 
from 510 channels in 34 FPGA designs. In all cases, the routing channel has 
32 tracks and 40 columns. 

The experiments were conducted as follows. First, a set of connections 
was selected from the probability distribution. A variable number of connec­
tions was used for each experiment so that a range of channel densities would 
be investigated. The Segmentation-l problems were routed using the scheme 
described in Section 5.3.3. The results are given in Figure 5.7. The horizon­
tal axis gives the channel density of the problems, and the vertical axis shows 
the percentage of experiments tried for which valid routings were achieved. 
As the figure shows, the probability of achieving a valid I-segment routing in 
the Segmentation-I channel is very high as long as the density of the channel 
is below about 20. 

The same problems used for I-segment routing were also attempted for 
2-segment routing, using the algorithm described in Section 5.3.4. To con­
trol the size of the assignment tree, various pruning heuristics were used. 
Although these heuristic eliminate the optimality of the routing algorithm, 
the results obtained are still excellent. As Figure 5.7 shows, valid 2-segment 
routings in Segmentation-2 can be obtained with a high probability for densi­
ties approaching 29. 
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Figure 5.7 - Segmented Routing Results. 

Figure 5.7 also provides the results of an additional experiment, that of 
attempting I-segment routing in Segmentation-2. As shown, for densities 
above about 8, I-segment routings are difficult to achieve using 
Segmentation-2. This shows that it is important to tune the segmentation of 
the tracks for the type of K-segment routing that is desired. 

5.3.6 Final Remarks for Row-Based FPGAs 

This section has presented some of the important issues for routing in 
row-based FPGAs, such as those offered by Actel Corp.. It has been shown 
that the routing problem in these chips can be divided into independent chan­
nels. Each channel then represents a separate segmented channel routing 
problem. Algorithms have been described that can achieve valid routings in 
these channels, even when the density is quite close to the total number of 
tracks. 

The next section focuses on a different FPGA routing problem, that for 
symmetrical FPGAs like those offered by Xilinx. It will be apparent that 
these architectures present significantly different problems than those in 
row-based FPGAs. 
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5.4 Routing for Symmetrical FPGAs 
The basic structure of a symmetrical FPGA was introduced in Chapter 

2. It consists of a two-dimensional array of logic blocks interconnected by 
both horizontal and vertical routing channels. Like row-based architectures, 
global routing for symmetrical FPGAs is similar to that in other technolo­
gies, such as standard cells. For this reason, most of the discussion in this 
section will center on detailed routing, with global routing being discussed 
only briefly. 
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Figure 5.8 • The Model usedfor Symmetrical FPGAs. 

Symmetrical FPGAs can be modelled as illustrated by Figure 5.8 
[Rose90b] [Rose91]. As the figure shows, the routing channels comprise two 
kinds of blocks, called Connection (C) blocks and Switch (S) blocks. The C 
blocks hold routing switches that serve to connect the logic block pins to the 
wire segments and the S blocks house switches that allow one wire segment 
to be connected to another. In the figure, each logic block has two pins on 
each side and there are three tracks in each routing channel. The FPGA's 110 
cells appear as logic blocks that are on the periphery of the chip. Figure 5.8 
also defines the term channel segment, which is a section of a channel 
between a C block and an S block, or between a C block and a logic block. 
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The two-dimensional grid that is overlayed on the figure is used later in this 
section as a means of describing connections. 

The general structure depicted in Figure 5.8 is similar to that in Xilinx 
FPGAs, but it is more general. A wide range of routing architectures can be 
represented by changing the contents of the C and S blocks. Architectures 
that feature an abundance of switches would be easily routed, but from the 
point of view of designing a good routing architecture, the number of 
switches should be limited, because each switch consumes chip area and has 
significant capacitance. A routing architecture that has relatively few 
switches creates difficulties for a routing algorithm. As an example, the fol­
lowing section illustrates the effect on the detailed routing problem if the C 
blocks allow the logic block pins to connect to only a subset of the wire seg­
ments in a channel. This example also serves as the motivation for the 
detailed routing algorithm that follows. 

Options for Connection A Options for Connection B Options for Connection C 

[] [] 
:::::::::::S::::::~ 
[] [] 

Figure 5.9 - Routing Conflicts. 

5.4.1 Example of Routing in a Symmetrical FPGA 

Figure 5.9 shows three views of the same section of an FPGA routing 
channel, and three connections that must be routed in that channel. Each 
view gives the routing options for one of connections A, B, and C. In the 
figure, a routing switch is shown as an X, a wire segment as a dotted line, and 
a possible route as a solid line. Now, assume that a detailed router first com­
pletes connection A. If the wire segment numbered 3 is chosen for A, then 
one of connections B and C cannot be routed because they both rely on the 
same single remaining option, namely the wire segment numbered 1. The 
correct solution is for the router to choose the wire segment numbered 2 for 
connection A, in which case both B and C are also routable. 

This example shows that even when there are only three connections to 
be routed, it is possible for a routing decision made for one connection to 
unnecessarily block another. For this reason, it is important for a detailed 
routing algorithm for this type of problem to consider the side-effects that 
routing decisions for one connection have on others. While the example in 



132 Field·Programmable Gate Arrays 

Figure 5.9 shows only connections within a single horizontal channel, the 
problems are compounded when connections have segments that are in both 
horizontal and vertical channels. 

Common approaches used for detailed routing in other technologies are 
not suitable for symmetrical FPGAs. Maze routers [Lee61] are ineffective 
because they are inherently sequential, which means that when routing one 
connection, they cannot consider the side-effects on other connections. 
Channel routers are not appropriate because the detailed routing problem in 
symmetrical FPGAs cannot be subdivided into independent channels. 

5.4.2 General Approach to Routing in Symmetrical FPGAs 

As mentioned earlier in this chapter, the first stage of the routing pro­
cess is global routing. The global router used is an adaptation of a standard 
cell global router. It first divides multi-point nets into two-point connections 
and then chooses routing channels for each one. The main goal of the global 
router is to distribute the connections among the channels so that the channel 
densities are balanced. This is a sensible goal for an FPGA global router 
since the number of tracks per channel is fixed. 

Block Grid 
Block 

Grid 
coordinates coordinates 

L 2,2 L edge 2,2 

label 
c 2,3 C \J o 2,3 

expand 2 

s 3,3 > S 3,3 

C 3,4 C 3,4 

L 4,4 L 4,4 

a) Coarse graph, G b) Expanded graph, D 

Figure 5.10 - A Typical Coarse Graph and its Expanded Graph. 

The global router defines a coarse route for each connection by assign­
ing it a sequence of channel segments. Figure 5. lOa shows a representation 
of a typical global route for one connection. It gives a sequence of channel 
segments that the global router might choose to connect some pin of a logic 
block at grid location 2,2 to another at 4,4. The global route is called a 
coarse graph, G (V,A), where the logic block at 2,2 is referred to as the root 
of the graph and the logic block at 4,4 is called the leaf. The vertices, V, and 
edges, A, of G(V,A) are identified by the grid of Figure 5.8. Since the global 
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router splits all nets into two-point connections, the nodes in the coarse 
graphs always have a fan-out of one. 

After global routing the problem is transformed into the following: for 
each two-point connection, a detailed router must choose specific wire seg­
ments to implement the channel segments assigned during global routing. 
As this requires complete information about the FPGA routing architecture, 
the detailed router must use the details of the logic block pins, C blocks, and 
S blocks to perform its task. 

The following section describes a detailed routing algorithm for sym­
metrical FPGAs. This algorithm, because it accepts the coarse graphs from 
the global router as input and expands them into detailed routes, is called the 
Coarse Graph Expansion (CGE) detailed router [Brow90] [Brow91]. The 
algorithm can be used for any FPGA that fits the model shown in Figure 5.8. 
One of its key features is that it addresses the issue of preventing unnecessary 
blockage of one connection because of another. 

5.4.3 The CGE Detailed Router Algorithm 

The basic algorithm is split into two phases. In the first phase, it 
records a number of alternatives for the detailed route of each coarse graph, 
and then in the second phase, viewing all the alternatives at once, it makes 
specific choices for each connection. The decisions made in phase 2 are 
driven by a cost function that is based on the alternatives enumerated in 
phase 1. Multiple iterations of the two phases are used to allow the algo­
rithm to conserve memory and run-time while converging to its final result, 
as discussed in Section 5.4.3.3.1. 

5.4.3.1 Phase 1: The Expansion of the Coarse Graphs 

During phase 1, CGE expands each coarse graph and records a subset 
of the possible ways that the connection can be implemented. For each 
G (V,A), the expansion phase produces an expanded graph, called D (N, E). 
N are the vertices of D and E are its edges, with each edge referring to a 
specific wire segment in the FPGA. The edges are labelled with a number 
that refers to the corresponding wire segment. 

In the expansion algorithm, the procedures that define the connection 
topology of the C and S blocks are treated as black-box functions. The 
black-box function for a C block is denoted as !c([dl>d2 ,1),d3 ) and for an S 
block as h([d 1 ,d2 ,1 ),d3 ). The parameters in square brackets define an edge 
that connects vertex d 1 to vertex d2> using a wire segment labelled I. Such an 
edge is later referred to as e, where e = (d 1,d2 ,l). The parameter d 3 is the 
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successor vertex of d2 in G. The task of the function call can be stated as: "If 
the wire segment numbered I is used to connect vertex d, to d2, what are the 
wire segments that can be used to reach d 3 from d2?" The function call 
returns the set of edges that answer this question. As explained in Section 
5.4.3.4, this black-box approach provides independence from any specific 
FPGA routing architecture. The result of a graph expansion is illustrated in 
Figure 5. lOb, which shows a possible expanded graph for the coarse graph of 
Figure 5. lOa. An expanded graph is produced by examining the routing 
switches and wire segments along the path described by the coarse graph, 
and recording the alternative detailed routes in the expanded graph. In algo­
rithmic form, the graph expansion process for each coarse graph operates as 
follows: 

create D and give it the same root as G. Make the immediate succes­
sor to the root of D the same as for the root of G 

for each new vertex, traversing D breadth first { 
expand a C vertex in D by calling Z = fc(ec,n). ec is the edge in 

D that connects to C from its predecessor. n is the 
required successor vertex of C (in G) and Z is the set of 
edges returned by fc()' The call to fc( ) adds Z to D 

expand an S vertex in D by calling Z = /.(es,n). es is the edge in 
D that connects to S from its predecessor. n is the required 
successor vertex of S (in G) and Z is the set of edges 
returned by /.(). The call to /.( ) adds Z to D 

5.4.3.2 Phase 2: Connection Formation 
After expansion, each D (N,E) may contain a number of alternative 

paths. COB places all the paths from all the expanded graphs into a single 
path list. Based on a cost function, the router then selects paths from the list; 
each selected path defines the detailed route of its corresponding connection. 
Phase 2 proceeds as follows (as explained later in this section, the terms cf 
cost and Ct cost are functions that represents the relative cost of selecting a 
specific detailed route (path) for a connection, and an essential path indicates 
a connection that should be routed immediately because it has only one 
remaining option): 

put all the paths in the expanded graphs into the path-list 
while the path-list is not empty { 

if there are paths in the path-list that are known to be essential 
select the essential path that has the lowest cf cost 
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} 

else if there are paths in the path-list that correspond to time­
critical connections 
select the critical path with the lowest c, cost 

else 
select the path with the lowest cf cost 

mark the graph corresponding to the selected path as routed -
remove all paths in this graph from the path-list 

find all paths that would conflict with the selected path and 
remove them from the path list (see Note). If a connection 
loses all of its alternative paths, re-expand its coarse graph 
- if this results in no new paths, the connection is deemed 
unroutable (see Section 5.4.3.3.1 for a discussion relating 
to failed connections). 

update the cost of all affected paths 

Note: When a wire segment is chosen for a particular connection, it and any 
other wire segments in the FPGA that are hardwired to it must be eliminated 
as possible choices for connections that are in other nets. This requires a 
function analogous to Ic( ) and h( ) that understands the connectivity of a par­
ticular FPGA configuration. CGE calls this routine update (e) - the parame­
ter e is an edge in the selected path and update (e) returns the set of edges 
that are hardwired to e. 

5.4.3.2.1 Cost Function 

Because the cost function allows it to consider all the paths at once, 
CGE can be said to route the connections 'in parallel'. Each edge in the 
expanded graphs has a two-part cost: cf (e) accounts for the competition 
between different nets for the same wire segments, and c, (e) is a number that 
reflects the routing delay associated with the wire segment. Each path has a 
cost that is simply the sum of the costs of its edges. CGE selects paths based 
on the c, cost only if the path corresponds to a time-critical connection. Oth­
erwise, paths are selected according to their cf cost. 

The cf cost has two goals: 

1. To select a path that has a relatively small negative effect on the 
remaining connections, in terms of routability. The cost deters the 
selection of paths that contain wire segments that are in great demand. 
The reason for using wire segment demand was illustrated in Figure 
5.9, where connection A should be routed with wire segment number 2, 
because wire segment number 3 is in greater demand. 
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2. It is used to identify a path that is essential for a connection. A path is 
called essential when it represents the only remaining option in the 
FPGA for a connection, because previous path selections have con­
sumed all other alternatives. 

Options for Connection 0 Options for Connection E 

N N 
.... ~ 1 
·······································2 

---------------- 3 

Options for Connection F 

Figure 5.11 - An Essential Wire Segment. 

The importance of essential wire segments is illustrated by the example 
in Figure 5.11. If the router were to complete connection 0 first, then wire 
segment number 1 or 2 would be equal candidates according to their demand, 
since they both appear in one other graph. However, wire segment number 1 
is essential for the completion of connection E and to ensure the correct 
assignment of the essential wire segment, connection E should be routed 
first. 

To determine whether an edge, e, is in great demand the router could 
simply count the number of occurrences of e that are in expanded graphs of 
other nets. However, some occurrences of e are less likely to be used than 
others because there may be alternatives (edges in parallel with e). Thus, the 
cf cost of an edge e that has j other occurrences (eh e2, ..• , ej) is defined as 

1 

where alt (ej) is the number of edges in parallel with ej. 

Because of the summing process in cf (e), the more graphs e occurs in, 
the higher will be its cost. This reflects the fact that e is an edge that is in 
high demand and urges CGE to avoid using e when there are other choices. 
Note that an edge that only appears in its own graph will have a cf of O. For 
the special case when alt(ej) is 0, ej is an edge that is essential to the associ­
ated connection because there are no alternatives. In this case, any path in 
the graph that uses ej is identified as essential. When the calculation of a 
cost reveals that a path is essential, CGE gives that path the highest priority 
for routing. 
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5.4.3.3 Controlling Complexity 

Although the above description of graph expansion implies that all pos­
sible paths in an FPGA are recorded during expansion, this is not practical 
because the number of paths can be very large in some architectures. For 
example, consider the connection of two pins on two different L blocks. 
Assume that each pin can connect to Fe of the wire segments in the channel 
segments adjacent to each logic block, and that the logic blocks are separated 
by n Switch blocks. If each wire segment that enters one side of a Switch 
block can connect to Fs wire segments on the other three sides, then there are 
an average of FeC Fs/3)n different paths from the first pin to the last logic 
block, and assuming W tracks in each routing channel, there are an average 
of CF~/W)(Fs/3)n possible ways to form the connection. Research has 
shown [Rose90b] [Rose91] that typical values of Fs should be three or 
greater, and since the number of connections is large, a heuristic is employed 
to reduce the number of paths in the expanded graphs. Some of the paths are 
pruned as each graph is expanded. The pruning procedure is parameterized 
so that the number of paths is controlled and yet the expanded graphs still 
contain as many alternatives as possible. Maximizing the number of alterna­
tives is important in the context of resolving routing conflicts. The pruning 
procedure is part of the graph expansion process that was described in Sec­
tion 5.4.3.1. The general flow follows (the criteria used for pruning is given 
at the end of this section): 

expand two levels 
prune; keep at most K vertices at this level, and assign each a unique 

group number. Discard the other vertices and the paths they ter­
minate 

expand two more levels. Assign each added vertex the group number 
of its predecessor 

while the leaf level has not been reached { 
prune; keep at most k vertices with each group number at this 

level. Discard the other vertices and the paths they ter­
minate 

expand two more levels. Assign each added vertex the group 
number of its predecessor 

The graphs are pruned every two levels because that is where fanout 
occurs (after the first C block and after every S block). The parameter K con­
trols the starting widths of the graphs and can take values from one to Fe (the 
number of wire segments connected to each logic block pin). Beyond the 
maximum value of K, parameter k allows the expanded graphs to further 
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increase in width. The concept of group numbers isolates each of the origi­
nal K paths, which maximizes the number of alternatives at each level of the 
final expanded graph. The actual values used for K and k are discussed in the 
next section. The effect of the pruning algorithm is illustrated in Figure 5.12. 
The left half of the figure shows a fully expanded graph from an example cir­
cuit, while the corresponding pruned graph is on the right. Also shown are 
each graph's edges in the FPOA. 

o o o o o 
o o o o o D 

o o o o o 0 

o o o o 

Figure 5.12· The Effect of Pruning. 

The choice to prune a vertex is based on the wire segment that 
corresponds to its incoming edge, as follows. For the special case of time­
critical connections, the wire segments with the least delay are favored. For 
other connections, the wire segments that have thus far been included in the 
most other expanded graphs will be discarded. This helps the cf cost func­
tion discover the wire segments that are in the least demand. Note that this 
introduces an order-dependence in the routing algorithm because the paths 
that are pruned from each expanded graph depend on the order in which the 
coarse graphs are expanded. 

Note that when paths are discarded because of pruning, they are not 
necessarily abandoned permanently by the router. In phase 2, as COE 
chooses connections, if routing conflicts consume all the alternatives for 
some graph, COE re-invokes the graph expansion process to obtain a new set 
of paths if some exist. 

5.4.3.3.1 Iterative Improvements 

This section explains how iterations of the two phases of COE are used 
to conserve memory and run-time. The iterative approach is linked to the 
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pruning parameters of the graph expansion phase. Setting the pruning 
parameters to large values allows the router to do a better job of resolving 
routing conflicts because it sees many alternatives for each connection. On 
the other hand, with large pruning parameters more memory and longer run­
time are required by the algorithm. The key to this routing quality versus 
memory and time trade-off is the realization that most connections in an 
FPGA are relatively easy to route and only a small percentage of the connec­
tions pose real difficulties. This is because, in a typical routing problem, 
there are only a few channel segments whose densities are very close to the 
total number of wires in a routing channel. To exploit this property, the 
router starts with small pruning parameters and then increases them through 
successive iterations, but only for the parts of the FPGA that are difficult to 
route. 

For the first iteration the pruning parameters are set to relatively small 
values, and the entire FPGA is routed. If routing conflicts leave some con­
nections unrouted, then another iteration is required. The procedure is to 
erase all the routing of any connection that overlaps any part of a failed con­
nection, and then to attempt to route those channel segments again using 
larger pruning parameters. Only connections that touch some segment of a 
channel in which a failed connection occurred are re-routed in the next itera­
tion. Iterations are continued until all connections are routed or until further 
improvements are not forthcoming. 

At this point it would be desirable to try different global routes for con­
nections that are left unrouted after all iterations, but no such failure-recovery 
mechanism is currently implemented. This iterative approach is a minor 
variation of Classic rip-up and re-route schemes where individual connections 
would be removed and re-routed to try to resolve routing conflicts. The tech­
nique employed here allows the algorithm's cost function to solve the routing 
problem, but conserve memory and time where the problem is not difficult 
and expend them only where it is required. 

The specific values used for the pruning parameters in each iteration 
affect the total number of iterations required, but do not appreciably affect 
the quality of the final result. This indicates a robustness in the algorithm, 
because the quality of the routing does not depend on the specific values 
chosen for the program's parameters. For the results that are presented in 
Section 5.4.3.5, K and k are set to two for the first iteration. K is increased by 
one for each iteration until it reaches Fe, after which k is increased by one for 
each subsequent iteration. 
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5.4.3.4 Independence from FPGA Routing Architectures 

CGE achieves the ability to route arbitrary FPGA routing architectures 
by isolating the parts of the code that are architecture-specific. This is illus­
trated in Figure 5.13 which shows the overall flow of the algorithm. The 
code that is dependent on the routing architecture is enclosed in circles. As 
shown, the separate code includes the Ie 0, Is (), and update 0 routines. Any 
architecture that fits the general model in Figure 5.8 can be routed by chang­
ing these isolated routines. This generality has been utilized in a study of 
FPGA routing architectures that is described in Chapter 6 of this book. Fig­
ure 5.13 also shows the organization of the phases of CGE and the feedback 
path used over multiple iterations. 

Erase connections 
routed in problem 
channel segments 

Phase 1: 

& Phase 2: 
increase 

pruning parameters 

Read the 
global route for 
each connection 

Output 
results 

Figure 5.13 - The Organization of CGE. 
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5.4.3.5 Results 

This section presents the results of using CGE to route several indus­
trial circuits in symmetrical FPGAs. The routing results shown in this sec­
tion are based on five circuits from four sources: Bell-Northern Research, 
Zymos, and two different designers at the University of Toronto. Table 5.1 
gives the name, size (number of two-point connections and logic blocks), 
source and the function of each circuit. For these results, the logic block 
used is the result of a previous study [Rose89] [Rose90c], and the S and C 
blocks will be described in the next section. For these results, the C and S 
blocks are defined so that the routing architecture is quite similar to that in 
the Xilinx 3000 series FPGAs that were described in Chapter 2. The similar­
ity refers to the amount of connectivity that is available between the logic 
block pins and the wire segments and between one wire segment and another. 

Circuit #Blocks #Conn Source Type 
BUSC 109 392 UTD1 Bus Cntl 
DMA 224 771 UTD2 DMACntl 
BNRE 362 1257 BNR Logic/Data 
DFSM 401 1422 UTD1 State Mach. 
Z03 586 2135 Zymos 8-bit Mult 

Table 5.1 - Experimental Circuits. 

5.4.3.5.1 FPGA Routing Structures 

Since the routability of an FPGA is determined by the topology and 
flexibility of its S and C blocks, those used in the tests of the algorithm are 
presented here. The general nature of the S block is illustrated in Figure 
5.14a. Its flexibility is set by the parameter Fs' which defines the total 
number of connections offered to each wire segment that enters the S block. 
For the example shown in Figure 5.14a the wire segment at the top left of the 
S block can connect to six other wire segments, and so Fs is 6. Although not 
shown, the other wire segments are similarly connected. 

Figure 5.14b illustrates the test C block. The tracks pass uninterrupted 
through it and are connected to logic block pins via a set of switches. The 
flexibility of the C block, Fe, is defined as the number of tracks that each 
logic block pin can connect to. For the example shown in the figure, each 
logic block pin can connect to 2 vertical tracks, and so Fe is 2. 
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Figure 5.14 - Definitions of Sand C Block Flexibility. 

5.4.3.5.2 Routing Results 

The familiar yardstick of channel density is used as a measure of the 
quality of the detailed router. The 'Channel density' column in Table 5.2 
shows the maximum channel density over all channels for each circuit. This 
represents a lower bound on the number of tracks per routing channel that is 
needed for each example. The real track requirements will depend on the 
flexibility of the routing architecture, because the channel density measure 
does not consider the amount of connectivity that is available in the routing 
structures. The maximum flexibility has Fs = 3W and Fc = W, where there are 
W tracks per channel. For the results in Table 5.2, the FPGA parameters are 
based on the Xilinx 3000 series [Xili89] (Fs = 6, Fc = O.6W). Table 5.2 gives 
the minimum number of tracks per channel that CGE needs in order to route 
100 percent of the connections. The values for Ware slightly greater than 
the global router minimum, which are excellent results considering the low 
flexibility of the FPGA routing architecture. Note that, although not shown, 
if Fc is increased to O.8W, CGE achieves the absolute minimum number of 
tracks for all the circuits. 

For comparison purposes, the same problems have also been routed 
using CGE with its cf cost facility disabled. In this mode CGE has no ability 
to resolve routing conflicts and is thus a sequential router, similar to a maze 
router. At first glance, this may seem to be an unrealistic comparison 
because some maze routers are guided by cost functions that aid in finding 
good routes for connections. However, the 'maze' router used here has, in 
effect, access to the cost function that was used to solve the global routing, 
which is based on balancing the densities of all routing channels. Notwith­
standing, this is a constrained 'maze' router because it is confined to remain 
within the global route of each connection, and the comparisons are valid 
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Circuit Channel W required W 
density byCGE for 'maze' 

RlJS.~ 9 10 15 
DMA 10 10 15 

BNRE 11 12 20 
DFSM 10 10 18 
Z03 11 13 18 

Table 5.2 - CGE Minimum W for 100 % routing (Fc = O.6W, F. = 6). 

only in that context. The rightmost column in Table 5.2 gives the number of 
tracks that the 'maze' router requires to achieve 100 percent routing. These 
results demonstrate that the 'maze' router needs an average of 60 percent 
more tracks than CGE. This shows that resolving routing conflicts is impor­
tant and that CGE addresses this issue well. Figure 5.15 presents the detailed 
routing for circuit BUSC, with the FPGA parameters in Table 5.2; the logic 
blocks are shown as solid boxes, whereas the S and C blocks are dashed 
boxes. 

Name of # of switches without # of switches with 
net critical processing critical processing 

#143 15 5 
#144 14 4 
#220 10 3 
#280 15 2 
#351 15 4 

Table 5.3 - Critical Connection Routing Delay Optimization. 

5.4.3.5.3 Routing Delay Optimization for Critical Nets 

Table 5.3 illustrates CGE's ability to optimize critical connections. For 
this experiment, several connections in circuit BNRE were marked critical. 
Then, CGE was used to route the circuit twice; once with CGE's critical net 
processing turned off, and once with it turned on. To facilitate this experi­
ment, the FPGA was defined to have 18 tracks per channel, with four tracks 
hardwired for the entire length of each channel. Connections that use the 
hardwired tracks have lower routing delays because they pass through fewer 
switches (transistors). As Table 5.3 shows, a significant reduction in the 
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number of switches in the critical paths was achieved. 

Note that a better approach to routing delay optimization would set 
specific timing requirements that should be met for each critical path in a cir­
cuit. This possibility should be explored. 

5.4.3.5.4 Memory Requirements and Speed of CGE 

For the examples used here CGE needs between 1.5 and 7.5 MBytes of 
memory. As shown in Table 5.4, experimental measurements show that 
CGE is a linear-time algorithm, requiring from 25 to 215 SUN 3/60 CPU 
seconds for the smallest to the largest of the example circuits. This run-time 
behavior is due to the pruning procedure, which limits the number of routing 
alternatives that the algorithm considers for each connection. 

C~euK: bus_alIIT4.eQO. W m 10. Fs = 6. Fe = 6 Tus Aug 7 16:43:38 1990 
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Figure 5.15 - The Detailed Routing o/Circuit BUSC. 



Routing for FPGAs 145 

Circuit #Conn Sun 3/60 msec per 
CPU sec. connection 

RII~r 392 25 63 
DMA 771 59 76 

BNRE 1257 122 97 
DFSM 1422 103 72 

Z03 2135 215 99 

Table 5.4 - CGE Run-time. 

5.4.4 Final Remarks for Symmetrical FPGAs 

This section has discussed some of the important issues for routing in 
symmetrical FPGAs. A detailed routing algorithm has been described that is 
able to consider the side-effects that routing decisions made for one connec­
tion may have on another, which is important in an FPGA that has limited 
connectivity. The routing algorithm can be used over a wide range of FPGA 
routing architectures and can route relatively large FPGAs using close to the 
absolute minimum number of tracks as determined by global routing. 

Since the CGE detailed router can handle a wide range of routing archi­
tectures, it can be employed to investigate the effects of an FPGA's routing 
structures on the routability of circuits. Such a study has been conducted and 
is the subject of the next chapter. 



CHAPTER 

6 
Flexibility of 

FPGA Routing 
Architectures 

Chapter 5 discussed the important issues associated with designing good 
CAD tools for routing in FPGAs. This chapter focuses on a related issue, 
that of designing FPGA routing architectures. The reader will recall that the 
results of some routing architecture experiments were already presented, in 
Chapter 4. Those results concerned the segmentation of routing channels in 
row-based FPGAs and showed that it is important to tune the segmentation 
of the channels for the type of K-segment routing that is desired (see Section 
5.3.5). In this chapter, more detailed results are presented from another study 
of routing architectures, this one concerning symmetrical FPGAs [Rose90b] 
[Rose91]. The approach taken is an experimental one, in which circuits are 
implemented by CAD tools in symmetrical FPGAs, over a range of different 
routing architectures. The main CAD tool used for the experimental results 
is the CGE detailed router that was described in Section 5.4.3. 

FPGA routing architectures can be designed in many ways. Some of 
the design parameters are the number of tracks per routing channel, the con­
nectivity available between the logic block pins and the wire segments, and 
the connectivity between one wire segment and others. The routing architec­
ture in an FPGA includes all of its routing switches and wire segments, and 
their distribution over the surface of the chip. A measure of the connectivity 
provided by a routing architecture is itsjiexibility, which is a function of the 
total number of routing switches and wires. 
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Designing a good routing architecture involves a tradeoff among flexi­
bility, logic density, and speed perfonnance. An FPGA with a high flexibil­
ity will be easy to configure, but if the flexibility is too high then area will be 
wasted by unused switches, leaving less area for the logic blocks and result­
ing in lower logic density. Moreover, as was shown in Chapter 2, since each 
routing switch introduces an RC-delay, high flexibility results in reduced 
speed perfonnance. Low flexibility, on the other hand, allows higher logic 
density and lower RC-delay, but if the flexibility is too low, then it may not 
be possible to interconnect the logic blocks sufficiently to implement cir­
cuits. The study that is presented in this chapter investigates these compet­
ing factors, toward the goal of finding routing architectures that achieve a 
balance. 

6.1 FPGA Architectural Assumptions 
The routing architectures that are studied in this chapter fit the sym­

metrical FPGA model that was introduced in Section 5.4. Figure 6.1 repro­
duces the model, for ease of reference. Recall that the connection (C) blocks 
contain routing switches that are used to connect the pins of the logic blocks 
to the routing channels, and the switch (S) blocks at the intersections of hor­
izontal and vertical routing channels provide the routing switches that can 
connect wire segments in one channel segment to those in another. The 
flexibility of the routing architecture can be altered by changing the contents 
of the C blocks, the S blocks or the number of tracks in each routing channel. 

In this chapter, circuits are implemented in this model of the FPGA, 
with different numbers of routing switches in the C and S blocks, and with a 
range of tracks per routing channel. The experiments answer a number of 
specific questions concerning the effect of the routing structures on the 
implementation of circuits: 

• What is the effect of the flexibility of the C blocks on routability? 

• What is the effect of the flexibility of the S blocks on routability? 

• How do the S block and C block flexibilities interact? 

• What is the effect of the flexibilities of the C and S blocks on the 
number of tracks per routing channel required to achieve 100 percent 
routability? 

• What is the effect of the flexibilities of the C and S blocks on the total 
number of routing switches required in an FPGA to achieve 100 per­
cent routability? 

The FPGA model shown in Figure 6.1 is quite general, allowing for a 
range of different logic blocks and routing structures. The following sections 
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detail the specific assumptions that are made for the FPGA's architecture for 
the experimental results that are presented later in this chapter. 
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Figure 6.1 - The Model of the FPGA Routing Architecture. 

6.1.1 The Logic Block 

The logic block used in the experiments is shown in Figure 6.2 It has a 
four input look-up table, a D flip-flop, and a tri-state output. This choice of 
logic block was based on the study [Rose89][Rose90c] of logic block archi­
tectures that described in Chapter 4. As Section 4.2.2 showed, the logic 
block in Figure 6.2 resulted in the minimum total chip area when compared 
to other blocks that had differing numbers of inputs, including and excluding 
a D flip-flop. The logic block has a total of 7 logical pins (numbered from 0 
to 6 in the figure, for later reference): 4 inputs, 1 output, 1 clock, 1 tri-state 
enable. Each pin may physically appear on one or more sides of the block. 
As explained below, the number of physical occurrences of each pin is an 
important architectural parameter. 

The number of logic block sides on which each logical pin physically 
appears is called T. To illustrate this concept, the cases T=4 and T= 1 are 
shown in Figure 6.3, where the logic block pins are numbered from 0 to 6. 
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Figure 6.2 • The Logic Block. 

As an example, the figure also shows the connection of pin 0 on one logic 
block to pin 6 on another. The particular choice of T affects the routing 
problem in a number of ways. Selecting a low value of T implies that there 
will be fewer routing switches, which means the switches will use less area 
and add less capacitance to the tracks, but as shown in Figure 6.3, connec­
tions may be longer since it may be necessary to route to a certain side. This 
increases the channel densities and causes the connections to pass through 
more routing switches. Conversely, choosing a higher value of Tallows 
shorter connections and minimizes the channel densities, but if T is higher 
than necessary, switches will be wasted. 

T Avg. Maximum Channel Density 
1 15 

2 12 

3 11 

4 11 

Table 6.1 • The Effect ofT on Channel Density. 

For the experiments shown here, the value used for T is 2. This was 
chosen for area considerations only and was determined by performing the 
global routing of several circuits for each value of T and measuring the 
number of tracks per channel (maximum channel density) required in each 
case. The results are shown in Table 6.1, which gives the average maximum 
channel density of the circuits, for each value of T. The table shows a 
significant decrease in track count from the T = 1 to T = 2 case but 
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diminishing returns for higher values of T. Note that the routing tools used 
for these experiments did not make use of the functional equivalence of the 
logic block inputs (the inputs to a look-up table are functionally equivalent), 
and if they had it would have been possible to choose a value of T = l, 
without an increase in the number of tracks [Tseng92]. 

I 
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4 4 4 4 
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5 5 5 5 5 3 5 3 
6 6 -6 6 

0123456 0123456 6 6 

T=4 T=1 
Short connection Is possible Longer connection Is necessary 

Figure 6.3· Example, and Effect on Connection Length, ofT. 

The following two sections provide a detailed discussion of the C and S 
blocks used in the experiments. Some of this information also appeared in 
Chapter 5, but is repeated here for continuity. 

6.1.2 The Connection Block 
The connection block used is illustrated in Figure 6.4, where a routing 

switch is indicated by an X. The channel wires (drawn vertically in the 
figure) pass uninterrupted through the C block and have the option of con­
necting to the logic block pins through the switches. The flexibility of the C 
block is represented by the variable Fe, which defines the number of tracks 
that each logic block pin can connect to. For the example shown in the 
figure, each logic block pin can connect to 2 vertical tracks, and so Fe is 2. In 
this chapter, no assumption is necessary about the implementation of routing 
switches, except that the switches are assumed to be bi-directional. 
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Figure 6.4 • The Connection Block. 

6.1.2.1 Connection Block Topology 

The topology of the connection block (the pattern of the switches) can 
have a significant effect on routability, particularly when Fe is low. To illus­
trate this consider Figure 6.5 which shows two different C block topologies 
and one connection (from pin A to pin B) that must be routed. In this exam­
ple each logic block has three pins on a side and there are four tracks per 
routing channel. By examining the locations of the routing switches, it is 
clear that it is not possible to route the connection with Topology 1, while it 
is possible to do so using Topology 2. Topology 2 works because it has a 
common wire that can be reached by both pin A and pin B. This example 
illustrates the fact that a C block topology must provide common wires for 
every pair of pins that may need to be connected. At the same time, how­
ever, it is easy to recognize that it is desirable for the routing switches in the 
C block to be spread evenly among the tracks, so that there is a reasonable 
opportunity for each track to be used. A good C block topology should 
achieve a balance of these tradeoffs. Given W tracks per channel, the design 
of a C block is straight-forward if Fe is close to W, but for lower values of Fe 
the C block should be carefully designed. The issue is most acute if 
Fe S O.5W, because at this point some pairs of pins may not have any common 
wires if the C block is poorly designed. 

The topology of the C block that is used for the results presented in this 
chapter is illustrated by Figure 6.6. In the figure, there are 10 tracks per rout­
ing channel, seven pins per logic block, and Fe is 6. The design of this topol­
ogy is based on statistics, from a set of circuits, that show how frequently 
each pair of pins is connected. For pins that are often connected the topology 
tends to provide common tracks, whereas for pins that are seldom connected 
different tracks are used. As an example, the statistics say that pin 0 (a logic 
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Figure 6.5 - Two Connection Block Topologies. 

block input, as shown in Figure 6.2) is often connected to pin 6 (an output), 
so these two pins share six tracks, whereas pin 0 is seldom connected to pin 5 
(an input), so this pair shares only three tracks. This type of analysis is pos­
sible because logic block inputs tend to be connected to outputs, and vice­
versa. In this way, the topology provides as much overlap as practical for 
each pair of logic block pins, while also balancing the distribution of the 
switches among the channel wires. 

6.1.3 The Switch Block 

The general nature of the switch block used is illustrated in Figure 6.7. 
Its flexibility, F., defines the number of other wire segments that each wire 
segment entering an S block can connect to. For the example shown in the 
figure, the wire segment at the top left of the S block can be switched to six 
other wire segments, and so F. is 6. Although not shown, the other wire seg­
ments are similarly connected. 

6.1.3.1 Switch Block Topology 

The topology of the S blocks can be very important since it is possible 
to choose two different topologies with the same flexibility measure (F.) that 
result in very different routabilities. This is particularly important if the 
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flexibility is low. 

I logic cell I 
o 1 2 345 6 

Figure 6.6 - The Experimental C Block Topology. 

As an illustration, consider the two different topologies shown in Fig­
ure 6.8. In both topologies, the switch block has the same flexibility meas­
ure, Fs = 2. Assume that a global router has specified that a wire segment at 
A must be connected to another at B by traveling through the two switch 
blocks shown. By examining the routing switches, it is easy to see that it is 
not possible to reach B from A with topology 1, while it is with topology 2. 
The reason that topology 2 is successful can be explained as follows. Con­
sider the two vertical wires in topology 2 that connect from A to the two hor­
izontal wires on the right side of the S block. At the next S block, one of the 
horizontal wires can connect to the top of the block (to B) and one to the bot­
tom. The key is that any tum that is taken at one S block does not prohibit 
any other tum at the next S block, and this is true for all possible sequences 
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o ----f' i ;', '. 
. " " 

o 
I I , 
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Figure 6.7 - The Switch Block. 
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of turns. For the results that are presented in this chapter, topology 2 is used. 
For higher ftexibilities, switches are added such that the basic pattern is 
preserved. 

Topology 1 Topology 2 

B B 

A A 

Figure 6.8 - Two Switch Block Topologies. 

6.2 Experimental Procedure 
This section describes the experimental procedure that is used to inves­

tigate FPGA routing architectures [Rose90b] [Rose91]. Given a functional 
description of a circuit, the experimental procedure is as follows: 

(1) Perform the technology mapping [Keut87] [Fran90] [Fran91a] of the 
original network into the FPGA logic blocks. As discussed in Chapter 
3, this step transforms the functional description of the network into a 
circuit that interconnects only logic blocks of the type shown in Figure 
6.2. The technology mapping was done using an early version of the 
Chortle algorithm, which was described in Chapter 3. 

(2) Perform the placement of the netlist of logic blocks. The logic blocks 
were placed by the Altor placement program [Rose85], which is based 
on the min-cut placement algorithm [Breu77]. Altor makes the result­
ing two-dimensional array of logic blocks as square as possible. 

(3) Perform the global routing of the logic block interconnections. As dis­
cussed in Chapter 5, this step finds a path through the routing channels 
for each pair of logic block pins that are to be connected. Since each 
connection is assigned to specific channels this determines the max­
imum channel density of the circuit, which is defined as the maximum 
number of connections that pass through any channel segment. This 
sets the theoretical minimum number of tracks per channel (for the par­
ticular global router used) that is needed to route the circuit. The 
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global router employed for the results presented here is based on the 
LocusRoute standard cell global routing algorithm [Rose90a]. 

(4) Perform the detailed routing of each connection, using the path 
assigned by the global router. The COB detailed router, described in 
Chapter 5, is used for this purpose, and yields two kinds of results. If a 
specific W (number of tracks per channel) is given as input, CGB deter­
mines the percentage of connections that can be successfully routed for 
specific values of Fs and Fe. Alternatively, if the desired output is the 
number of tracks per routing channel required to route 100% of connec­
tions for a specific Fs and Fe, then COB is invoked repeatedly, with an 
increasing number of tracks, until complete routing is achieved. 

The salient point in this procedure is that the global router is used only 
once for each circuit, and this determines the densities of all of the routing 
channels. The number of tracks required per channel to route each circuit 
then depends on the flexibility of the routing architecture. Thus, to investi­
gate the effect of flexibility on routability, step (4) was performed over a 
range of values of Fe' Fs , and W. 

6.3 Limitations of the Study 
This section discusses the effects of the architectural assumptions and 

the experimental procedure on the accuracy of the results that are presented 
later in this chapter. 

The models that have been used for the C and S blocks are based on 
balanced topologies, in that each L block pin can be connected to exactly Fe 
tracks and each wire segment that enters an S block can connect to exactly Fs 
others. Also, every wiring track must use a routing switch to pass through an 
S block - i.e. all the tracks comprise short wire segments only. Although it is 
also interesting to consider other classes of architectures, the assumptions 
made here allow interesting and useful results to be generated with experi­
ments that have simple parameters. A study of track segmentations for sym­
metrical FPGAs, such as that described in Section 5.3.5 for row-based 
FPOAs, should be the subject of future research. 

The experimental procedure described in Section 6.2 limits each con­
nection to a single global route. A better approach would be one that pro­
vides a feedback mechanism that allows the detailed router to request a dif­
ferent global route for connections that fail. Finally, the accuracy of the rou­
tability results that are presented in this chapter depends on the quality of the 
routing CAD tools, which includes both the global and detailed routers. 
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6.4 Experimental Results 

The experimental results that are presented here are based on the five 
circuits that were described in Table 5.1. This section first investigates the 
effect of the flexibilities of the C and S blocks on the routability of these cir­
cuits and shows the tradeoffs that exist between these two blocks. Following 
this, the effect of different values of Fe and Fs on the number of tracks 
required per channel is shown. Finally, the effect of the C and S block flexi­
bilities on the total number of switches required in an FPGA is measured. 
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Figure 6.9 - Percent Routing Completion vs. Fc, Circuit BNRE. 

6.4.1 Effect of Connection Block Flexibility on Routability 

Figure 6.9 is a plot of the percentage of successfully routed connections 
versus connection block flexibility, Fe> for the circuit BNRE. Each curve in 
the figure corresponds to a different value of switch block flexibility, Fs. The 
lowest curve represents the case Fs = 2 and the highest curve to Fs = 10. The 
number of tracks, W, is set to 14, which is two greater than Wg , the minimum 
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possible number of tracks as indicated by the global router. The value of 
W = Wg + 2 was chosen to give the detailed router a reasonable chance of suc· 
cess. Using a higher or lower value of W would shift the curves slightly 
upward or downward, respectively. Figure 6.9 indicates that the routing 
completion rate is very low for small values of Fe and only achieves 100% 
when Fe is at least one-half of W. The figure also shows that increasing the 
switch block flexibility improves the completion rate at a given Fe, but to get 
near 100% the value of Fe must always be high (above 7 for this circuit). 

Table 6.2 summarizes the results for the other circuits. It gives the 
minimum values of Fe and FclW required to achieve 100% routing comple­
tion for each circuit, for nine values of Fs. W is fixed at Wg + 2, in all cases, 
to give a reasonable chance for success. 

The key observation from the data of Table 6.2 is that there appear to 
be minimum values of Fe and FJW below which circuits are not routable. 
However, since this data is based on a fixed value of W = Wg + 2, it is interest­
ing to investigate whether Fe or Fe IW can be reduced if W is not fixed. To 
study this, a similar experiment was conducted in which W was allowed to 
vary to a maximum of 3 x Wg • Again, the experiments measure the minimum 
possible values of Fe and FJW for which 100 percent routing can be 
achieved, for a range of values of Fs. The results are shown in Figure 6.10, 
which for conciseness gives the average results for the five circuits. The left 
curve in the figure shovfs that FelW can be substantially reduced by allowing 
W to vary, but the curve to the right shows that Fe still reaches about the 
same minimum value. 

To see why there exists a minimum value of Fe below which circuits 
are not routable, consider the following discussion concerning C block topol­
ogy. Assume that a C block must connect n logic block pins to a set of 
tracks, and that some pin, Pi> must be able to connect to all of pins Pj. 1 ~j ~ n. 
Some connections between these pin pairs will occur within one C block and 
others will involve two different C blocks. To simplify the analysis, assume 
that Fs ~ 3, so that no "jogging" is allowed among the tracks. As the discus­
sion in Section 6.1.2.1 showed, the C block topology must provide at least 
one common track that connects to both Pi and each Pj. To accomplish this, 
the design of the topology may: 

(1) Attach two switches to each of n different tracks, such that each track 
connects one Pj to Pi. In terms of Section 6.1.2.1, this corresponds to 
spreading the switches evenly across the tracks. 

(2) Attach n switches to anyone track, such that Pi can connect to any Pj on 
that track. 
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Circuit W Fs 100% Fc Fc/W 
BUSC 11 3 9 0.82 
BUSC 11 4 7 0.64 
BUSC 11 5 7 0.64 
BUSC 11 6 6 0.54 
BUSC 11 7 6 0.54 
BUSC 11 8 5 0.45 
BUSC 11 9 6 0.54 
DMA 12 3 8 0.67 
DMA 12 4 7 0.58 
DMA 12 5 7 0.58 
DMA 12 6 7 0.58 
DMA 12 7 7 0.58 
DMA 12 8 5 0.42 
DMA 12 9 5 0.42 

BNRE 14 3 12 0.86 
BNRE 14 4 11 0.79 
BNRE 14 5 10 0.71 
BNRE 14 6 9 0.64 
BNRE 14 7 10 0.71 
BNRE 14 8 8 0.57 
BNRE 14 9 8 0.57 
DFSM 13 3 9 0.69 
DFSM 13 4 9 0.69 
DFSM 13 5 9 0.69 
DFSM 13 6 8 0.62 
DFSM 13 7 8 0.62 
DFSM 13 8 7 0.54 
DFSM 13 9 7 0.54 
l03 13 3 10 0.77 
l03 13 4 9 0.69 
l03 13 5 9 0.69 
l03 13 6 9 0.69 
l03 13 7 7 0.54 
l03 13 8 7 0.54 
l03 13 9 7 0.54 

Table 6.2 - Minimum Fc Requiredfor 100% Completion. 
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(3) Use a combination of options (1) and (2). 
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Figure 6.10 - ~ VS. Fs and Fe vs. Fs, Variable W. 

Option (1) leads directly to a minimum value for Fe because it entails 
attaching n switches to Pi' The effect of option (2) is more subtle, as dis­
cussed below. Consider Figure 6.11, which shows a C block topology in 
which each pin connects to exactly the same Fe tracks as every other pin. 
The figure shows that, with this topology, when one pin is connected to a 
track, one choice of track is eliminated for every other pin. In this scenario, 
it follows that the minimum possible value of Fe is determined by the max­
imum number of pins that are connected at any C block. 

A more realistic C block, such as the one that was shown in Figure 6.6, 
is based on option (3). This means that a combination of the effects of 
options (1) and (2) determines a minimum value for Fe. The key to this dis­
cussion is that any realistic C block must provide connections between a 
number of different pairs of pins and this leads directly to a minimum possi­
ble value for Fe. 

Note that the minimum value of Fe can be reduced slightly by increas­
ing Fs to be above three, because this increases the connectivity between 
pairs of pins by allowing jogging from one track to another. However, this 
only affects connections that involve two different C blocks, and since some 
connection's pins are both within one C block, an absolute minimum value 
exists for Fe. 

10.00 
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Figure 6.11 - Connecting One Pin Eliminates One Choice for Every Other. 

6.4.2 Effect of Switch Block Flexibility on Routability 

Figure 6.12 is a plot of the percentage routing completion versus switch 
block flexibility, Fs. Each curve in the figure corresponds to a different value 
of Fe> with the lowest curve representing Fe = 1 and the highest curve 
corresponding to Fe = W. This plot is for the circuit BNRE, with W set to 14. 
The figure shows that if Fe is high enough, then very low values of Fs can 
achieve 100% routability. These Fs values are low in comparison with the 
maximum possible value of Fs ' which is 3 x W. For the results in Figure 6.12 
this maximum is 42, whereas 100% routing completion is often achieved for 
Fs = 3. This makes intuitive sense because even for Fs = 3 every track that 
passes through a particular C block is guaranteed to connect to one other 
track at every other C block. To further quantify the effect of Fs on routabil­
ity, consider the connection of two logic block pins that are separated by n S 
blocks. The number of tracks connectable at the first logic block pin is Fe 
and the number of paths available to reach the connection block adjacent to 
the second logic block is 
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Using the average value of n of about 3 for typical circuits, if Fs = 3 and 
Fe = 10, then there are 10 paths available. If Fs is increased to 6, there are 80 
paths available. Thus a small increase in Fs greatly increases the number of 
paths, and hence the routability. 

% Complete 

100.00 

90.00 

SO.OO 

70.00 
I 

I 

60.00 
.-.- / 

50.00 '" '" '" '" '" '" 40.00 '" 
/ 

,,-
30.00 / 

20.00 

2.00 4.00 

.-,.--_/ 
/ 

/ 
I 

/ 
/ 

/ 

6.00 

.-
.­, 

--- ---

,----

S.OO 10.00 

Fe = 14 
i'<F;;;T3···· 
Fc-,;;n--
Fc';;-fC' 
Fe-= 10-
Fe -;'9- . 

fiC;-s -
Fc=7 -
Fe=6 
Fc·;;;·S······ 
Fc-';;4"-­
Fc';;-3" _. 
Fe-=2 -
Fe-;'C' 

Fs 

Figure 6.12 - Percent Routing Completion vs. Fs. Circuit BNRE. 

6.4.3 Tradeoffs in the Flexibilities of the Sand C Blocks 

Figures 6.9 and 6.12 can be combined in three-dimensions to show that 
a tradeoff exists between the f1exibilities of the S blocks and the C blocks. 
This is illustrated by the three-dimensional surface plot in Figure 6.13. The 
plot shows, for example, that a decrease along the Fe axis can be compen­
sated for by an increase along the Fs axis, and vice-versa. This can also be 
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Figure 6.13 - C Block and S Block Tradeoff. 

seen in Figure 6.14, which is a plot of the minimum value of Fe (averaged 
over the five circuits) for which 100 percent routing can be attained for a 
range of values of Fs. In this plot, W is constant for each circuit, at two 
higher than Wg • Note that there is no data point for the case Fs = 2 in the 
figure because the circuits are not routable for that S block flexibility with 
W = Wg + 2. The slope of the curve in Figure 6.14 will flatten for higher 
values of Fs since there exists a minimum value of Fe for each circuit, as was 
discussed in Section 6.4.1. 

Note that Figure 6.14 alone does not provide enough information to 
choose the best values of Fe and Fs because it is based on the fixed value of 
W. The required value of W for different values of Fe and Fs is the subject of 
the following section. 
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Figure 6.14 - Fe for 100% Routing vs. Fs. With W = Wg + 2. 

6.4.4 Track Count Requirements 

This section investigates the effect of the S and C block flexibilities on 
routability by measuring the number of tracks per channel, W, required to 
route 100 percent of a circuit's connections for specific values of Fs and Fe. 
For these experiments, the detailed router was invoked repeatedly over a 
range of values of W, from Wg (the maximum channel density of the circuit) 
to a maximum of 3x Wg , until 100 percent routing was achieved. Each rout­
ing architecture is assessed by comparing how close the required W is to Wg • 

For these experiments the flexibility of the C block is expressed as the ratio 
of FJW - as W is changed, the ratio is kept constant. This provides a con­
venient way to coordinate changes in W with the number of routing switches 
in a C block. This is automatic for an S block, since Fs applies to each track. 

Table 6.3 shows the number of tracks required to achieve 100 percent 
routing completion for circuit BNRE over a set of FPGA routing architec­
tures. Each entry in the table corresponds to a different pair of (Fs • FeIW) 
values. The value "nr" in the table means that 100 percent routing was not 
achieved. Since Wg for this circuit is 12, the table shows that even with low 
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ftexibilities it is possible to achieve 100 percent routing using very near to 
the minimum possible number of tracks. 

Table 6.4 summarizes the results for all the circuits. Each entry in this 
table is the average over all the circuits of the number of tracks that are 
required in excess of the minimum (Wg) to route 100 percent of the connec­
tions. These results show that with very low ftexibilities it is possible to 
achieve a number of tracks only slightly greater than the minimum. In par­
ticular, for Fs ~ 3 and (FJW) ~ 0.6, excluding the case (Ps = 3, (FcIW) = 0.6), 
the number of tracks required in excess of the minimum is no greater than 
three. 

FclW 
Fs 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
2 nr nr or nr nr 23 23 17 
3 nr nr nr 18 14 13 13 13 
4 nr nr 18 14 13 13 13 13 

5 nr nr 18 14 13 12 12 12 
6 nr 21 16 14 14 12 13 13 

7 nr 19 17 14 12 12 12 12 
8 nr 19 15 13 12 12 12 12 
9 23 17 13 13 12 12 12 12 
10 19 16 13 13 12 12 12 12 

Table 6.3 - Track Count Requirementsfor BNRE (Minimum = 12). 

6.4.5 Architectural Choices 

The choice of a particular FPGA routing architecture must be based on 
the cost of its implementation in terms of area and delay. Although these 
depend on the technology used for the routing switches, it is possible to 
make general comments because, regardless of their implementation, routing 
switches consume area and cause time delays. It is instructive to examine 
the total number of routing switches required by different routing architec­
tures. The number of switches in a C block and an S block depends on the 
number of logic block pins (P ), the number of sides that each pin appears on 
(T), and on the parameters Fc ' F., and W, according to the following equa­
tions: 
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# Switches in Connection Block = ~ x T x P x Fe 

# Switches in Switch Block = 2 x Fs x W 

For the results presented here P is 7, T is 2, and the last three parameters are 
read from the equivalent of Table 6.3 for each circuit. As the flexibility of 
the routing structures increases (Fs and Fe) the number of switches per track 
increases, but the number of tracks per channel may decrease, as shown in 
Table 6.3. Hence there should be an architecture that exhibits a minimum 
total number of switches. Table 6.5 gives the number of switches per tile 
required for circuit BNRE for each FPGA routing architecture. A tile is the 
section of the FPGA that would be replicated across the entire chip, and 
includes the logic block, two connection blocks and one switch block. 

FclW 
Fs 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
2 or or or or or 11.2 10.8 9.0 
3 Dr or or 4.6 2.4 1.2 0.8 0.8 
4 or Dr 6.2 3.0 1.6 0.6 0.6 0.6 
5 or or 4.2 2.4 1.0 0.4 0.2 0.2 
6 or 7.6 3.8 1.8 0.8 0.4 0.4 0.4 
7 or 5.2 3.4 1.4 0.2 0.2 0.2 0.2 
8 or 4.4 1.4 0.6 0.2 0.0 0.4 0.2 

9 10.0 4.2 1.0 0.4 0.2 0.2 0.0 0.0 
10 8.0 3.2 1.4 0.6 0.2 0.0 0.0 0.0 

Table 6.4 - Average Excess Track Count Requirements over all Circuits. 
As Table 6.5 shows, flexibilities of Fs = 3 and (FJW) = 0.7 achieve a 

minimum number of switches for this circuit, at 221. Note that several 
neighboring architectures have similar switch counts. For all of the test cir­
cuits the minimum number of switches was between 172 and 223, and 
occurred when the architecture's parameters were in the range 3 ~ Fs ~ 4 and 
0.7 ~ (FcIW) ~ 0.8. 

6.5 Conclusions 
This chapter has explored the relationships between the flexibility of 

routing architectures and routability in FPGAs. The principal conclusions 
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FcIW 
Fs 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
2 or or or or or 349 381 306 
3 or or or 259 221* 223 241 260 
4 or or 270 229 231 249 267 286 
5 or or 306 257 257 254 271 288 
6 or 369 304 285 305 278 319 338 
7 or 372 357 313 285 302 319 336 
8 or 410 345 317 309 326 343 360 
9 510 401 325 343 333 350 367 384 
10 459 409 351 369 357 374 391 408 

Table 6.5 - Average Number of Switches per Tile for Each Architecture. 

are that connection blocks should have high flexibility to achieve high per­
centage routing completion, but that a relatively low flexibility is sufficient 
in the switch blocks. Furthermore, with low flexibilities the number of tracks 
per channel required is very close to the minimum. Finally, it has been 
shown that routing architectures with these properties yield the lowest total 
number of routing switches. 

This architectural study has been performed using an experimental 
approach, in which CAD tools are used to implement circuits and the effects 
of flexibility on routability are measured by the outcomes of the experiments. 
FPGA routing architectures are studied differently in the next chapter, in 
which a stochastic model is used in a theoretical study of flexibility and rou­
tability. 



CHAPTER 

7 
A Theoretical 

Model for 
FPGA Routing 

The previous chapter presented an experimental study of the effect of the 
flexibility of the routing architecture in a symmetrical FPGA on the routabil­
ity of circuits. Flexibility was defined to be a function of the total number of 
routing switches and wire segments and routability was measured as the per­
centage of a circuit's connections that could be successfully routed by CAD 
tools. This chapter presents a similar study of symmetrical FPGAs, but uses 
theory rather than experiments. The approach taken is to develop a 
mathematical model based on probability theory to represent routing in 
FPGAs as a random process [Brow92]. The model uses simple parameters 
for the FPGA itself and a circuit to be routed, and allows a range of routing 
architectures to be specified. Two purposes are served by this study: it 
confirms the experimental results that were presented in Chapter 6, and it 
provides a basis for future studies of FPGA routing architectures. The latter 
goal is the most significant one since a theoretical study is often much easier 
to perform than one that involves time-consuming experiments and possibly 
the need to develop new CAD programs. 

The stochastic model that will be described assumes that a two-stage 
routing approach of global routing followed by detailed routing is used (see 
Section 5.2). The global routing stage is represented in the model by making 
assumptions, which are described in Section 7.2, concerning the solution that 
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a global router would produce. Assuming that a connection is assigned a sin­
gle global route, the stochastic model calculates the probability that the con­
nection could be successfully routed, given the size of the FPGA and its rout­
ing architecture, and considering the number of other connections that have 
been previously routed. As Section 7.2 describes, once all of the connections 
in a circuit have been processed in this way, routability can be calculated by 
the average probability of routing success. 

7.1 Architectural Assumptions for the FPGA 
FPGAs are characterized in the stochastic model using the same basic 

assumptions that appear in Chapters 5 and 6. For ease of reference, some 
information discussed in those chapters is repeated here. An example FPGA 
is illustrated in Figure 7.1, which shows a square array of logic blocks, with 
N blocks per side. Note that the grid coordinates in Figure 7.1 number only 
the logic blocks, which differs from figures shown in earlier chapters. This 
change has been made because this labelling scheme is more convenient for 
the stochastic model. 

• 
• 

o 

• 
• 
o 

• 
• 
• 

• 
• 
• 

o 

• 
• 

Figure 7.1 - All NxN FPGA. 

• 
• 
• 
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No assumptions are necessary about the internal details of the logic 
blocks, except that each block has some number of pins that are connected to 
the routing channels by routing switches. Routing switches are contained 
within C blocks and S blocks. It is assumed that tracks are hard-wired 
straight through the C blocks, without passing through routing switches, but 
that a routing switch is always needed to pass through an S block. This 
means that all tracks are composed of wire segments that span the length of 
one logic block. The switches in the C blocks are used to connect the logic 
block pins to the wire segments, and the S block switches provide connec­
tions from one wire segment to another. The flexibility of a C block is 
defined by Fe, which specifies the number of tracks that each logic block pin 
can connect to. The flexibility of an S block is given by Fs, which defines the 
number of other wire segments that a wire segment entering an S block can 
be connected to. 

7.2 Overview of the Stochastic Model 
In the stochastic model, it is assumed that a circuit with a total of CT 

two-point connections is to be routed in an FPGA with Nx N logic blocks. 
The length of each connection is drawn from a probability distribution, PL' It 
will later be necessary to choose a specific distribution for PL' In Section 
7.4.4, it is assumed that PL is geometric, with mean length R. This assump­
tion is taken from earlier work on the stochastic modelling of two­
dimensional arrays of connected cells [Heller84] [EIGa81], and has the fol­
lowing physical interpretation in an FPGA: at each C block along the path of 
a connection, the connection will terminate (at a logic block) with probability 

.: and will continue (to the next C block) with probability 1 - .:. 
R R 

The CT connections are individually referred to as C bC2,,,,,CeT and the 
statistical event that each connection is successfully routed is called 
Re ,Re , ... ,Re . The key to the stochastic model is the calculation of the pro-

I 2 Cr 

babilities of Re ,Re , ... ,Re . Recall that routability is defined as the percen-
I 2 c., 

tage of the connections in a circuit that can be successfully routed. In terms 
of Re ,Re , ... ,Re this corresponds to the ratio of the expected number of suc-

I f Cr 

cessfully routed connections to the total number of connections, CT. Thus, 
routability is the average probability of completing a connection and can be 
calculated in the stochastic model according to 

1 Cr 
Routability = -c I: P (Rc) . 

T i=l 
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where P (Rc; ) is the probability of successfully routing Cj • 

7.2.1 Model of Global Routing and Detailed Routing 

In order to use a key research result by EI Gamal [EIGa81] to predict 
the densities of the routing channels in an FPGA, the following assumption is 
made concerning the way in which a global routing algorithm would assign 
the connections in a circuit to the routing channels. It is assumed that each 
connection is assigned a single path through the routing channels in such a 
way that the number of connections per routing channel is Poisson distri­
buted. Section 7.3 justifies this assumption and illustrates its use. 

In the stochastic model, the detailed routing of an FPGA is represented 
as a random process. Based on the assumption that a connection is assigned 
a single path through the routing channels, the probability of successfully 
performing the detailed routing of the connection is calculated, accounting 
for the number of tracks per routing channel, the flexibilities of the C and S 
blocks, and the side-effects that the routing of one connection has on others. 

In Chapter 5, it was shown that a key issue in the detailed routing of 
symmetrical FPGAs is how the routing of one connection may affect other 
connections. To compute the value of each P (Rc;), it is necessary for the 
stochastic model to account for these effects. To accomplish this, the model 
'routes' the connections in a serial manner and predicts the effect that each 
successfully routed connection has on the densities of the routing channels. 
By this mechanism, the probability of routing each subsequent connection is 
influenced because there are more connections in a channel to compete with. 
The next section shows how EI Gamal' s results can be used to calculate 
channel densities and following this, the probability formulas for P(Rc;) are 
derived. 

7.3 Previous Research for Predicting Channel Densities 
In [EIGa81], a stochastic model is developed to predict the wiring 

requirements of Master Slice Integrated Circuits that have a two-dimensional 
array of identical cells, with horizontal and vertical routing channels between 
the rows and columns of cells. The model divides the channels into seg­
ments that span the length or width of one cell and it is assumed that all 
interconnections start at one cell and travel a minimum distance through the 
channel segments to another cell. It is further assumed that the number of 
connections per cell can be drawn independently from a Poisson distribution, 
with parameter A., where A. is defined as the ratio of the total number of con­
nections in a circuit to the total number of cells in the array. The average 
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connection length, in number of cells traversed, is called R. The paper also 
makes assumptions about the trajectories of connections, but these assump­
tions are not necessary for the results that are quoted here. 

[EIGa81] shows that under the above assumptions, in an array that has 
Nx N routing channels, the densities of the channel segments will be Poisson 

distributed, with the average density given by A2R. This result holds as long 

as R < 00, independent of N, and provides a convenient method of predicting 
channel densities. 

7.3.1 Predicting Channel Densities in FPGAs 

Although the results in [EIGa81] were developed for Master Slice cir­
cuits, they can also be applied to the FPGAs considered here, because both 
types of devices are based on a two-dimensional array of identical cells. The 
definitions of the routing channels differ, but these differences can be ignored 
since the tracks consist of short segments that span only one logic block in 
both cases. 

Having made these assumptions, it is convenient to predict channel 
densities in FPGAs using EI Gamal's result. The accuracy of the predictions 

can be checked by comparing the ideal Poisson distribution with mean \R 
to the distribution of channel densities in real FPGA circuits. Figure 7.2 
shows the result of such a comparison for one of the circuits (called BNRE) 
that was used in the experiments presented in Chapter 6. It compares the 
channel densities measured from the circuit to the ideal Poisson distribution, 
with the values of A and R measured from the circuit. As the figure shows, 
the actual channel densities are surprisingly close to the Poisson predictions. 
Comparisons with the other circuits used in Chapter 6 show similar results. 

It is interesting to discuss a physical interpretation of the Poisson distri­
bution in this context. Assume that an FPGA has W tracks in each routing 
channel and consider a specific channel segment. For each of the W tracks, 
define Pi as the probability of the statistical event that the track would be 
occupied if a circuit were routed in the FPGA. If W = 1, there will be a proba­
bility, P 1, that the track will be occupied by some connection. If W = 2, then 
there will be a probability, P2, that each of the two tracks will be occupied by 
some connection and P 2 < Pl' Extending this to the general case, if W = n, 
then each track will be occupied with probability Pn' and 
Pn < Pn-1 < ... < P2 < Pl' Furthermore, as n ~ 00, Pn ~ O. Since Pn is small 
in the limiting case, the event that a track is used is a rare event and the 
number of these events (density) can be approximated by the Poisson 
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distribution. 

In FPGAs in which the tracks consist of segments that span multiple 
logic blocks, EI Gamal's result is probably not an accurate approximation of 
channel densities. In such cases, a different method of calculating densities 
would be needed. However, in this chapter it is assumed that all FPGAs 
being considered have tracks consisting of only short segments. 

Probability 
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Figure 7.2 - Predicted versus Actual Channel Densities. 

7.4 The Probability of Successfully Routing a Connection 

This section derives analytic expressions for calculating the probability 
of successfully performing the detailed routing of a single connection in an 
FPGA. As an example of a connection, consider Figure 7.3. The figure 
shows a connection, Cj , that starts at logic block (Xl,Yl) and travels through 
routing channels to logic block (X2'YZ)' The length of Cj is defined in terms 
of logic block hops as LCj = IXI -x21 + IYl -Yzi (to be consistent with 
[EIGa81]). Also, the number of S blocks that Cj passes through is given by 
LCj -1. To define the probability, P(Rc,), of successfully routing Cj , assume 
that LCj = n + 1. The statistical event that corresponds to this assumption is 
written as Ln +l • Also define the following events: 
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CP XY CPXY I' I 2' 2 

-- --, -----, -----, -- --, 
: ' : I : I : I 
I C L..--..., S i.....-- ••• ---, S L..--..., C I 

I : ': ': I : 1 ____ - 1_____ '_____ 1 ____ _ 

Figure 7.3 - A Typical Connection. 

• X, - the event that the logic block pin associated with Cj at (x, ,y, ) can 
connect to at least one track at the first C block. Note that there are, by 
definition, Fe tracks that can connect to the logic block pin, but any 
number of them may already be used by other connections that have 
been previously 'routed'. 

• S I, S2' "', Sn - the events that Cj can successfully reach at least one 
track on the outgoing side of the first, second, up to the nth S block. 
There are LCj - 1 such events for Cj • 

• X 2 - the event that at least one of the tracks that are available to Cj at 
the last C block can be connected to the appropriate logic block pin at 
(X2,Y2 ). 

• Rc, - the event that Cj can be successfully routed. 

Since Cj is successfully routed only if all of the events 
X" S" S2' ... , Sn, X2 occur, then 

Rc,ILn+, =X,r.S,r.S2 ... r.Snr.X2 

and the probability of successfully routing Cj is given by 

P(Rc, I Ln+l) = P(X 1 r. SIr. S2 ... r. Sn r. X2) 

7.1 

Since the events X .. S .. S2, ... , Sn, and X2 are not independent, it is 
necessary to find formulas for each of the terms in Equation 7.1. This is 
accomplished in the following sections by developing expressions that 
account for the ftexibilities of the C and S blocks (Fe and Fs ), the number of 
tracks per routing channel ( W ), and the densities of the routing channels. As 
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discussed in Section 7.3, channel density is approximated by the Poisson dis­

tribution with parameter A.g = \R , where A is the number of connections per 

logic block and Ii is the average connection length. Appropriate values for A 
and Ii are discussed in Section 7.5. 

7.4.1 The Logic Block to C Block Event 

The event X I can be depicted pictorially as shown in Figure 7.4. The 
figure shows a routing channel with W tracks and a logic block pin that can 
connect to Fe of the tracks, via routing switches (shown by an X). The figure 
also shows a set of D tracks, drawn as dashed lines, that are already occupied 
by previously routed connections. In the figure, W = 10, Fe = 5, and D = 5. The 
event X I can then be viewed as a random process in which a logic block pin 
can connect to any of the unused tracks where there are switches. 

To derive a formula for P(XI ), it is convenient to define the event 
NONE as the opposite of Xl - i.e. P (X I ) = 1 - P (NONE). P (NONE) can be 
calculated by observing that the value of D is Poisson distributed and that a 
Poisson distribution is infinitely divisible. This means that rather than con­
sidering a Poisson process over W tracks, with mean A.g , it is sufficient to deal 

with a smaller Poisson process over Fe tracks, with mean A.g ~. The proba­

bility P (NONE) is then easily calculated as the probability that D = Fe within 

Logic Block 

-~---------- ---------~-

_~--------_- _________ J_ 
. . 

-..:---------- ---------...:-

Fc=5 
D=5 
W=lO 

Figure 7.4 - The Event XI' 
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the smaller Poisson process, or 

P(X 1 ) is then given by 

Fe 
P(NONE) =p(f...g W,Fe ). 

Fe 
P(X 1 ) = I-P(NONE) = I-p(f...g W,Fe ). 

177 

7.2 

7.3 

Note that Equation 7.3 is an approximation because the Poisson distri­
bution has an infinite tail, but the equation will only be evaluated for values 
of Fe as large as W. The infinite tail means that there is a non-zero probabil­
ity of channel densities above W but for practical values of W this error is 
very small and can be ignored. 

Equation 7.3 depends upon the channel densities being Poisson distri­
buted so that the property of being infinitely divisible can be used. This 
means that the resulting expression is only applicable for FPGAs in which 
the channel densities can be approximated by the Poisson distribution. For 
FPGAs that do not satisfy this assumption, a different approach to solving for 
P (X 1 ) must be followed. This same statement also applies for other expres­
sions that are developed later in this chapter. Examples of FPGAs that do 
not follow the Poisson assumption of channel densities are those that have 
tracks with segments that span multiple logic blocks. Some of the required 
modifications for such cases can be found in [Brow92]. 

Equation 7.3 calculates P (X 1 ) based on the relationship between the 
event X 1 and the event NONE. An alternative is to calculate P (X 1 ) directly 
by defining A~\ A}' , ... , A~: as the events that X 1 occurs with exactly 
1,2, ... , Fe available tracks. Using this approach, 

X1=Af'uA}'u "'uA~: 

and sinceAf' ,A}', ... ,A~: are mutually exclusive, 

P(X1 ) =p(Af' )+P(A}' )+ ... +P(A;: ). 

Although P(X1 ) can be calculated using Equation 7.3, each of P(A;') 
will be required in the next section, so they are derived here. Consider the 
general case of X 1 occurring with exactly (a) available tracks, and the 
corresponding event A;'. Since only the Fe tracks that have switches are of 
interest, then if exactly (a ) tracks are available, Fe - a tracks must already be 
occupied, meaning that D = Fe - a. Following the approach used for Equation 
7.2, the probability that D =Fe -a can be calculated directly from a scaled­
down Poisson process for the Fe tracks, which gives 
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704 

As a check, it is easily verified that P (NONE) can be obtained using equation 
704 by setting a =0, which must be true since P(NONE) =P(A~I ). Finally, 

F, F, F 
P(Xd = 1: P(A:I) = 1:p(A'g ~ ,Fe-a). 

a=1 a=1 

7.4.2 The S Block Events 

All of the events that are associated with S blocks can be treated in a 
uniform way. This section first derives probability formulas for S 1 IX 1 and 
then shows how the resulting expressions can be applied to subsequent S 
blocks. 

7.4.2.1 The First S Block Event, forF.=3 

Since P ( S 1 I XI) will be affected by the flexibility of the S block, it is 
convenient to assume a specific value of Fs. In the following derivation, the 
case Fs = 3 is assumed. This is the easiest case to handle because it means 
that each wire segment that enters an S block can connect to exactly one wire 
segment on each other side. Also, the derivation need not be concerned with 
whether a connection turns or passes straight through an S block since the 
effect is the same in both cases. 

The event S 1 I XI is depicted in Figure 7.5, which shows an S block and 
a routing channel that has w tracks. The figure shows a set of AX I tracks, 
drawn as bold lines, that are available at the incoming side of the S block and 
a set of D tracks, drawn as dashed lines on the outgoing side of the S block, 
that are already used by other connections. In the figure, D = 4, W = 10, and 
A XI = 3. Note that setting A XI to three corresponds to the event A~I, from Sec­
tion 704.1. Figure 7.5 uses dotted lines to indicate S block switches and 
shows that each track on the incoming side of the S block can be connected 
to one other track on the outgoing side. The event can then be considered to 
be a random process in which each of the A XI incoming tracks can connect to 
one track on the outgoing side of the S block, as long as that outgoing track 
is not among the D used tracks. In other words, given that there are A XI 

tracks that are available on the incoming side of the S block, it is necessary 
to find the probability that one or more of these tracks are also available on 
the outgoing side. 

The event S 1 I X 1 can occur with one or more available outgoing tracks. 
To calculate P( S 1 I XI), define Afl, ... , A~: as the events that S 1 I XI occurs 
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with exactly 1,2, ... , Fe available tracks on the outgoing side. Since 

SII Xl =Af' u ... u A~: 

andAf', ... ,A~: are mutually exclusive 

P(S II Xl ) = p(Af' )+ ... +P(A~: ). 
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7.5 

To solve for each term in this summation, consider the general case 
where S 1 I X 1 occurs with exactly k available outgoing tracks. The 
corresponding event is written A~'. The probability of A~' will depend on the 
nUIllber of tracks available on the incoming side, given by A x,, and on the 
value of D. Assume a specific value of AX, =a. Since Xl is known to have 
occurred, this corresponds to assuming that X 1 occurred with exactly (a) 
available tracks. The appropriate statistical event for this assumption is then 
written as A;' I X l' If exactly (k) tracks are available, this implies that k-a 
tracks are already used, meaning that D = k - a. The probability 
P(A~' I (A;' I Xl» can be calculated by again observing that D is Poisson 
distributed, which means that the distribution is divisible. In this case, the 
only tracks that are of interest on the outgoing side of the S block are the set 
of (a ) tracks that can be reached from the ( a ) tracks available on the incom­
ing side. Thus, the scaled-down Poisson process that should be used to cal-

culate D has a mean given by Ag ~, so that 

7.6 

S Block 

---------------- f----
-----------------f----

---1----------------------------------------- - - - - -- --

Outgoing 
D =4 Side 

-------j-----------------------------------------f----Incoming 
Side II = 3 ---I 

-------j-------------------------

W=lO 

Figure 7.5 - The Event S l' 
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Next, consider the events (Af' I X I), ... , (A~' I X I) corresponding to the 
possible values of AX, . Since the occurrence of' A~' implies exactly one of 
(Af' I XI), ... , (A~: I XI), then 

A~' =(A~'n(Af' IXI»u ... u(A~'n(A~: IXI » 

and since (Af' I X I), ... , (A~: IX 1) are mutually exclusive 

P(A~')=P(A~'n(Af'IXd)+'" +P(A~'n(A~: IXd). 

Using the relation P(X n y) = P(X)P( Y I X), get 

P(A~' ) = p(Af' I XI )P(A~' I (Af' I Xd)+ ... 

+P(Ax, I X )P(As, I (Ax, I X ». F, I k F, I 

The terms P(A~' I (A;' I X I» are given by equation 7.6, so that 
F, 

P(A~')=l:P(A;'IXdp(t..g..!!...,a-k). 7.7 
a=1 W 

As stated above, the terms P(A;' I X I) express the probability that, given the 
occurrence of event X I, X I occurred with exactly (a ) available tracks. Each 
of P(A;' I XI) is defined by Bayes' rule [Fe1152], according to 

P(Ax, ) 
P(AX'IX)= a 

a IF' 

I:P(A7' ) 
7.8 

j=1 

where p(Af' ), ... , P(A~: ) are given by Equation 7.4. Substituting 7.7 and 
7.8 into 7.5, get 

F, s F, F, P(A;') a 
P(SII XI) = l: P(Ak') = l: l: -r---~p(t..g -W,a-k). 

F, 
k=1 k=1 a=1 l: P(A7' ) 7.9 

j=1 

7.4.2.2 The First S Block Event, for Any Value of Fs 

Equation 7.9 assumes a specific value of S block flexibility, Fs = 3. This 
section shows how Equation 7.9 can be generalized for other values of Fs. In 
Equation 7.6, a one-to-one correspondence was assumed between the sub­
script (a ) in A;' I X I, on the left hand side of the equation, and the variable 
( a ), on the right hand side. This relation holds for Fs = 3 but does not neces­
sarily apply for other values of Fs. For example, if Fs = 6, a more appropriate 
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variable for the right hand side of the equation is 2a. In general, the sub­
script (a) should be scaled by some factor, a., and Equation 7.6 becomes 

7.10 

Clearly, a. depends on the value of F., but a. may also depend on whether a 
connection passes straight through a particular S block, or turns. Define ZI 
as the event that a connection passes straight through an S block, and Z2 as 
the event that it turns. Also, define al and ~ as the values of a. correspond­
ing to Z I and Z2' Since S I 1 X I implies one of Z I and Z2' then 

P(SII XI )=P(ZI )'P«SII XI)I ZI )+P(Z2)'P«SII XI)I Z2) 

and using Equation 7.9 and 7.10, 

P(SII X I )= 

7.11 

Appropriate values for P(ZI) (note that P(Z2 )=l-P(ZI », ai' and ~ 
are discussed in Section 7.5. Note that the (k) summation in Equation 7.11 
has an upper limit of W whereas the corresponding upper limit in Equation 
7.9 is Fe. This change is required since it may be possible to connect to all W 
tracks in a channel for values of Fs that are greater than three. 

7.4.2.3 The Remaining S Block Events 

Thus far, this section has dealt specifically with the event S I 1 X I' but 
the derived expressions are applicable to any of the other S block events, 
with two changes. First, for the m Ih S block event, 
(Sm 1 Sm-I n ... n Sin X I ), all summations must reach an upper limit of W. 
Second, the probabilities p(Af· ), ... , P(A~' ) in Equation 7.11 are replaced by 
p(Af-·· ), ... , P(A~V"'), which are defined 'by Equation 7.12, with m =m-l. 
Applying these changes, Equation 7.7 becomes 
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and Equation 7.11 becomes 

P( Sm I Sm_1 n ... n Sin XI) = 

W W P(A~··' ) ~a 
P(Z2)'1: 1: ...,-w---..... ·p(A.gw,~a-k). 

k=1 a=1 1: P(AJ.·. ) 7.13 

j=1 

7.4.3 The C Block to Logic Block Event 

The event X 2 is depicted by Figure 7.6, which shows a set of AS. =4 
tracks, drawn as bold lines, that are available at a C block (this corresponds 
to the event A!· in Section 7.4.2) and a set of Fe = 5 tracks that connect to the 
appropriate logic block pin for the connection. The event X 2 can then be 
viewed as a random process in which the logic block pin can be connected to 
any of the set of (A SO) tracks where there are switches. Stated differently, 
given that one or more tracks were available at the outgoing side of the last S 
block, it is necessary to determine the probability that one or more of these 
tracks connects to the appropriate logic block pin. To simplify the notation, 
the expression Sn n '" Sin X 1 will be substituted for by SX. To calculate 
the probability of X2 1 SX, define the opposite event NONE I SX, where 
P(X2 1 SX)=l-P(NONE I SX). To find P(NONE I SX), assume a specific 
value of A s, =a and define the corresponding event A~'. A conditional proba­
bility for NONE I SX can then be defined by 

S (W-F)Ca 
P«NONE I SX)I Aa') = . 7.14 

wCa 

where wCa means the combinations of ( W) things taken (a) at a time. In 
words, Equation 7.14 expresses the ratio of the number of ways in which the 
all (a ) of the available tracks can fallon the W - Fe tracks that cannot con­
nect to the logic block pin to the total number of ways in which the (a) 
available tracks can lie on any of the W tracks. 

Equation 7.14 assumes that each of the Fe switches for the logic block 
pin associated with event X 2 is equally likely to be on any of the W tracks. 
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A"= 4 

Fe =5 
W=lO 

Figure 7.6 - The Event X 2 • 
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This may not be realistic since a good C block topology would ensure that 
the tracks that are connectable to one pin would overlap the tracks connect­
able to others, as was discussed in Section 6.1.2.1. This assumption will 
have the effect of producing low predictions of routability for low values of 
Fc ' which is discussed further in Section 7.5. 

Consider the events Af·, Ag·, ... , Afv corresponding to the possible values 
of AS.. Since the occurrence of NONE I SX implies exactly one of 
Af· ,Ag·, ... , Afv, it follows that 

w 
P(NONE I SX) = L P(A~' I SX)· P( (NONE I SX) I A~'), 

a=! 

where each of P(A~' I SX) is given by Bayes' rule, so that 

w P(A~' ) 
P(X2 1 SX) = 1-P(NONE I SX) = 1- L -'-w--"'" 

a=! LP(AJ.) 7.15 

j=! 

Each of p(Af· ), ... , p(Afv) can be calculated using Equation 7.12, with 
m = n. Note that for the case of a connection that has length one, there are no 
S block events, so that A~' in Equation 7.15 are replaced by A;'. Each of 
P(A7' ), ... , P(A~' ) can be calculated using Equation 7.4. 
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7.4.4 The Probability of Rc. 

Equation 7.1 can now be solved using the formulas developed in this 
section to calculate P (Rc, ), for the given value of Lei = n + 1. Equation 7.1 is 
reproduced below, as Equation 7.16. 

P(Rc,ILn+l)=P(XlnSlnS2'" nSnnX2) 

7.16 

To make use of this result to calculate P(Rc,), define Lei = I max as the 
maximum length of any connection and LI .... as the corresponding event. 
Appropriate values for [max are discussed in Section 7.5. Next, consider the 
events L 1, ... , Llmex corresponding to the possible values of Lei' Since the 
occurrence of Rc, implies exactly one of LJ, ... , Llmex' then 

1m .. 
P(Rc'> = 1:. P(L1)' P(Rc, I L1), 

1=0 
7.17 

where P(L1 ) are given by the probability distribution of connection length, 
referred to in Section 7.2 as PL , and each P(Rc, I L1 ) is defined by Equation 
7.16. As mentioned in Section 7.2, PL is assumed to be geometric, with 
mean R. Thus, P (L1 ) is given by 

P(L1 ) = pql-l, 

where p = ~ and q = 1-p. The following section shows how Equation 7.17 is 
R 

evaluated to predict routability. 

7.5 Using the Stochastic Model to Predict Routability 
In order to make use of Equation 7.17, it is necessary to choose 

appropriate values for the various parameters that appear in the formulas 
developed in Section 7.4, as well as to evaluate the function A.g , that is used 
to predict channel densities. This section first shows how A.g is calculated 
and then gives appropriate values for each of the parameters. Following this, 
the routability predictions that are produced by the stochastic model are 
presented, with comparisons to the experimental results that were shown in 
Chapter 6. 

As stated in Section 7.3, the parameter A.g is defined by A.g = \R , where 
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R is the average connection length and A is the ratio of the expected number 
of routed connections to the total number of logic blocks. Given this 
definition, A must be re-calculated after each connection is probabilistically 
'routed' by the stochastic process. Thus, after i-I connections have been 
'routed', A can be calculated as 

1 i-I 
A. = -2 L P(Rc, ). 7.18 

N c=1 

It is necessary to assign values to the following parameters: N W lmax, 

CT , R, P (Z I ), (XI' ~, F., and Fe. The first three of these depend on the size of 
the FPGA array and the next three are determined by the characteristics of 
the circuit to be routed. Since the routability predictions that are generated in 
this chapter are to be compared with the results from Chapter 6, the parame­
ters will be taken from the FPGA circuits that were used in that chapter. The 
corresponding values are given in Table 7.1. 

Circuit N W lmax CT R P(ZI) 

BUSC 11 11 20 392 2.7 .71 
DMA 15 12 28 771 2.8 .75 
BNRE 20 14 38 1257 3.0 .75 
DFSM 21 13 40 1422 2.85 .76 

Z03 25 13 48 2135 3.15 .75 

Table 7.1 - Stochastic Model Parametersjor Experimental Circuits. 

The parameters (XI and ~ can be approximated by making some 
assumptions concerning the topology of the S blocks. It is assumed here that 
the topology is similar to the one used in Chapter 6. This means that, as Fs is 
increased from its minimum value of 2, switches are added to the wire seg­
ments in the order straight across, right tum, left tum, straight across, right 
tum, etc.. It is further assumed that the topology spreads the switches among 

Fs 
2 3 4 5 6 7 8 9 10 ... 

(XI 1.0 1.0 2.0 2.0 2.0 3.0 3.0 3.0 4.0 ... 
~ 0.5 1.0 1.0 1.5 2.0 2.0 2.5 3.0 3.0 ... 

Table 7.2 - Approximations to (Xl and~. 
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the tracks such that every track can be switched to exactly Fs others. Given 
these assumptions, appropriate values of (Xl and <Xz are shown in Table 7.2. 

7.5.1 Routability Predictions 

Recall, from Section 7.2, that routability is defined as 

1 CT 

Routability = -c ~ P (Rc, ), 
T ;=1 

7.19 

This equation can now be evaluated using Equation 7.17, the formulas 
developed in Section 7.4, Equation 7.18, and Tables 7.1 and 7.2. A typical 
result is shown in Figure 7.7, which gives a plot of the expected percentage 
of successfully completed connections versus connection block flexibility, 
Fe' for parameters that correspond to the circuit BNRE. 
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Figure 7.7 - Routability Predictions vs. Fs,/or Circuit BNRE. 
Figure 7.7 is analogous to Figure 6.9. Each curve in the figure 

corresponds to a different value of S block flexibility, Fs. The lowest curve 
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represents the case Fs = 2 and the highest curve corresponds to Fs = 10. The 
figure indicates that the routability is low for small values of Fe and only 
approaches 100% when Fe is at least one-half of W. The figure also shows 
that increasing the S block flexibility improves the completion rate at a given 
Fe' but to get near 100% the value of Fe must always be high (above 7 for 
this circuit). The reader will note that these are the same conclusions that 
were reached experimentally in Chapter 6. 

Figure 7.8 is a plot of the expected percentage of successfully com­
pleted connections versus S block flexibility, Fs ' also for the circuit BNRE. 
This figure is analogous to Figure 6.12. Each curve in the figure corresponds 
to a different value of Fe' with the lowest curve representing Fe = 1 and the 
highest curve corresponding to Fe = W. The curves show an increase in slope 
at Fs values of 4, 7, and 10. This occurs because switches are added straight 
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Figure 7.8 - Routability Predictions vs. Fe' for Circuit BNRE. 
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across the S blocks for these values of Fs and, as Table 7.1 shows, connec­
tions pass straight through the S blocks more than 70 percent of the time. 
Figure 7.8 shows that if Fe is at least half of W then very low values of Fs 
approach 100% routability. Again, this is the same conclusion reached in 
Chapter 6. 

% Complete 

100.00 _--.1.-----1 Experimental 

Theorei[cai 
90.00 

80.00 

70.00 

60.00 

50.00 

40.00 

30.00 
Fe 

5.00 10.00 

Figure 7.9 - Comparison of Predictions and Experimentsfor Fs =6. 

While the theoretical and experimental results lead to the same general 
conclusions, they are not identical. Figure 7.9 compares the routability 
results produced by the stochastic model with the experimental results. The 
dashed curve corresponds to the model, whereas the solid curve is produced 
experimentally. Both curves correspond to circuit BNRE, with F.=6. As 
Figure 7.9 indicates, the two results are quite similar. The fact that the 
theoretical curve is lower than the experimental curve for low values of Fe is 
due in part to Equation 7.14, which, as discussed in Section 7.4, does not 
accurately represent good C block topologies. 
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A summary of comparisons between theory and experiment for all of 
the circuits appears in Table 7.3. For each circuit, the table shows the differ­
ence between the theoretical and experimental routability results, for each 
value of Fs. Each entry gives the mean value and standard deviation of the 
difference between the experimental and theoretical routabilities, over the 
range of values of Fe from 1 to W. The values in the table are in percentages 
since those are the units of routability. Absolute values are used in the table 
to avoid a misleading average that could be caused by combining negative 
and positive differences. However, this is not really necessary since, as Fig­
ure 7.9 indicates, the theoretical predictions are almost always pessimistic. 
As Table 7.3 shows, the experimental measurements and theoretical predic­
tions of routability are surprisingly close, especially for values of Fs greater 
than three. 

Buse DMA BNRE DFSM Z03 

Fs Mean S.D. Mean S.D Mean S.D. Mean S.D. Mean S.D. 

2 7.7 4.9 10.2 7.5 7.3 6.3 8.9 8.3 7.2 5.9 

3 9.7 5.6 12.5 8.1 8.7 6.7 10.8 9.4 10.2 5.6 

4 2.9 2.9 4.1 4.5 1.5 3.1 2.7 5.3 1.9 2.1 

5 3.7 4.3 4.9 5.8 2.4 4.3 3.7 6.1 1.8 2.7 

6 3.2 3.5 5.0 6.2 2.6 4.7 4.0 6.7 2.1 3.3 

7 4.8 4.3 5.1 6.6 2.8 4.3 3.9 6.1 1.8 2.8 

8 4.3 4.6 5.1 6.5 3.1 4.3 4.1 6.2 2.2 2.6 

9 4.3 4.9 5.0 6.3 3.2 4.4 4.2 6.2 2.5 3.0 

10 4.3 4.8 5.2 6.7 3.2 4.3 4.2 5.9 2.9 3.4 

Table 7.3 - Summary oj Comparisons Between Theory and Experiment. 

7.6 Final Remarks 
This chapter has described a theoretical approach that can be used to 

study FPGA routing architectures. The stochastic model presented assumes 
a symmetrical FPGA whose tracks consist of short segments that span the 
size of one logic block. It has been shown that the model produces predic­
tions of routability that are close to those generated by the experiments 
shown in Chapter 6. In future work, the model could be extended so that it 
could also handle tracks with longer segmentations allowing theoretical stu­
dies of such architectures. This would require a slightly different approach 
for calculating the probability of successfully routing each connection, and to 
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the method used for approximating channel densities. 

Extending the stochastic model so as to allow more general types of 
routing architectures would be a worthwhile effort since this would facilitate 
a broader study of FPGA routing architectures. This is important because 
FPGAs are still very new and much research is required before the best 
designs will be discovered. 
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http://searchworks.stanford.edu/?search_field=advanced&number=29181710
https://search.library.berkeley.edu/discovery/search?vid=01UCS_BER:UCB&lang=en&tab=Everything&offset=0&search_scope=MyInstitution&query=any,contains,29181710
https://uci.primo.exlibrisgroup.com/discovery/search?tab=LibraryCatalog&search_scope=MyInstitution&sortby=rank&vid=01CDL_IRV_INST:UCI&query=any,contains,29181710
https://search.library.ucla.edu/discovery/search?&tab=LibraryCatalog&search_scope=MyInstitution&vid=01UCS_LAL:UCLA&query=any,contains,29181710
https://uosc.primo.exlibrisgroup.com/discovery/search?vid=01USC_INST:01USC&sortby=rank&lang=en&query=any,contains,29181710
http://library.ua.edu/vwebv/search?searchCode1=ISBN&searchType=2&argType1=any&searchArg1=0792394194
https://uah.primo.exlibrisgroup.com/discovery/search?institution=01UAH_INST&vid=01UAH_INST:01UAH_V1&query=any,contains,0792394194
https://search.lib.asu.edu/primo-explore/search?tab=books&search_scope=default_scope&sortby=rank&vid=01ASU&lang=en_US&mode=advanced&offset=0&query=any,contains,29181710
https://arizona-primo.hosted.exlibrisgroup.com/primo-explore/search?vid=01UA&sortby=rank&lang=en_US&query=any,contains,29181710
http://lib.colostate.edu/
http://libraries.colorado.edu/search/o29181710
https://du-primo.hosted.exlibrisgroup.com/primo-explore/search?institution=01UODE&vid=01UODE_MAIN&mode=Basic&displayMode=full&bulkSize=10&highlight=true&dum=true&query=any,contains,29181710
https://wrlc-gwu.primo.exlibrisgroup.com/discovery/openurl?institution=01WRLC_GWA&vid=01WRLC_GWA:live&isbn=0792394194
http://catalog.loc.gov/vwebv/search?searchCode=STNO&searchType=1&recCount=25&searchArg=0792394194
https://library.udel.edu/
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=141-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://miami-primo.hosted.exlibrisgroup.com/primo-explore/search?tab=default_tab&search_scope=default_scope&vid=uml_new&lang=en_US&offset=0&query=any,contains,29181710
http://sf.aleph.fcla.edu/F?func=find-c&ccl_term=OCL%3D29181710
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  US,GA                GEORGIA INST OF TECHNOL MAIN CAM LIBR                               
GAT     

  US,GA                GEORGIA SOUTHERN UNIV                                               
GPM     


  US,HI                UNIV OF HAWAII AT MANOA LIBR                                        
HUH     


  US,IL                ILLINOIS INST OF TECH                                               
IAH     

  US,IL                NORTHERN ILLINOIS UNIV                                              
JNA     

  US,IL                UNIV OF ILLINOIS                                                    
UIU     

  US,IL                UNIV OF ILLINOIS, CHICAGO                                           
IAY     


  US,IN                INDIANA UNIV PURDUE UNIV INDIANAPOLIS L                             
IUP     

  US,IN                PURDUE UNIV                                                         
IPL     

  US,IN                PURDUE UNIV NORTHWEST-HAMMOND CAM                                   
IPC     

  US,IN                THOMSON CONSUMER ELECTRONICS, INC                                   
IMJ     

  US,IN                UNIV OF NOTRE DAME                                                  
IND     


  US,KS                KANSAS STATE UNIV                                                   
KKS     


  US,LA                TULANE UNIV                                                         
LRU     

  US,LA                UNIV OF LOUISIANA AT LAFAYETTE                                      
LWA     


  US,MA                MASSACHUSETTS INST OF TECH, LINCOLN LAB                             
LIN     

  US,MA                MASSACHUSETTS INST OF TECHNOL LIBRS                                 
MYG     

  US,MA                RAYTHEON CO RES LIBR NE                                             
RYE     

  US,MA                UNIV OF MASSACHUSETTS AMHERST                 Local Holdings 
Availa...  Committed to Retain                    AUM     


  US,MD                JOHNS HOPKINS UNIV                                                  
JHE     

  US,MD                NASA GODDARD SPACE FLIGHT CTR LIBR                                  
NAG     

  US,MD                NATIONAL SECURITY AG                                                
NSA     

  US,MD                UNIV OF MARYLAND, COL PARK                    Local Holdings 
Availa...                                         UMC     


  US,MI                MICHIGAN STATE UNIV                                                 
EEM     

  US,MI                OAKLAND UNIV                                                        

https://gatech-primo.hosted.exlibrisgroup.com/primo-explore/search?vid=01GALI_GIT&lang=en_US&offset=0&query=any,contains,29181710
https://galileo-usg-gasou-primo.hosted.exlibrisgroup.com/primo-explore/search?tab=default_tab&search_scope=GASOU&vid=GASOU&lang=en_US&offset=0&query=any,contains,29181710
https://uhawaii-manoa.primo.exlibrisgroup.com/discovery/search?vid=01UHAWAII_MANOA:MANOA&tab=LibraryCatalog&search_scope=MyInstitution&query=isbn,contains,0792394194
https://vufind.carli.illinois.edu/vf-iit/Search/Home?lookfor=0792394194
https://i-share-niu.primo.exlibrisgroup.com/discovery/search?vid=01CARLI_NIU:FML_DEFAULT
https://i-share-uiu.primo.exlibrisgroup.com/discovery/search?queryString=no:&tab=LibraryCatalog&vid=01CARLI_UIU:CARLI_UIU&query=any,contains,ocm29181710
https://i-share-uic.primo.exlibrisgroup.com/discovery/search?vid=01CARLI_UIC:CARLI_UIC&sortby=rank&lang=en&query=any,contains,29181710
http://iucat.iu.edu/catalog?search_field=advanced&ISBN=29181710
https://purdue.primo.exlibrisgroup.com/discovery/search?vid=01PURDUE_PUWL:PURDUE&query=oclc,contains,29181710
https://pnw.primo.exlibrisgroup.com/discovery/search?vid=01PURDUE_PUCL:PNW&tab=Everything&search_scope=MyInst_and_CI&query=any,contains,29181710
https://onesearch.library.nd.edu/primo-explore/search?tab=nd_campus&search_scope=nd_campus&vid=NDU&lang=en_US&offset=0&query=any,contains,ocm29181710
https://k-state-primo.hosted.exlibrisgroup.com/primo-explore/search?&tab=default_tab&search_scope=Entire_Library_Collection&vid=NewUI&offset=0&query=any,contains,0792394194
https://library.search.tulane.edu/discovery/search?mode=simple&vid=01TUL_INST:Tulane&search_scope=MyInst_and_CI&query=ocolc,contains,29181710
https://ull.ent.sirsi.net/client/en_US/ull/search/results?te=SD_ULL&rt=false|||ISBN|||ISBN&qu=0792394194
http://library.mit.edu/F/?func=find-b&find_code=OCA&request=29181710
http://fcaw.library.umass.edu:8991/F/?func=find-c&local_base=FCL01UMA&ccl_term=OCL%3D29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2066-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2066-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://catalyst.library.jhu.edu/catalog?search_field=isbn&q=0792394194
http://catalog.umd.edu/F?func=find-b&local_base=gl&find_code=035&request=ocm29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=2071-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://search.ebscohost.com/login.aspx?authtype=ip,guest&custid=s8364774&groupid=main&profile=eds&direct=true&site=eds-live&bquery=0792394194
https://col-oakland.primo.exlibrisgroup.com/discovery/search?%20tab=Everything&search_scope=MyInst_and_CI&vid=01COL_OAKLAND:OU&lang=en&offset=0&query=any,contains,ocm29181710
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EYR     

  US,MI                UNIV OF MICHIGAN LIBR                                               
EYM     

  US,MI                WESTERN MICHIGAN UNIV                                               
EXW     


  US,MN                UNIV OF MINNESOTA, MINNEAPOLIS                                      
MNU     


  US,MO                LINDA HALL LIBR                                                     
LHL     

  US,MO                MISSOURI STATE UNIV                                                 
MOU     

  US,MO                SAINT LOUIS UNIV, PIUS XII LIBR                                     
XII     

  US,MO                UNIV OF MISSOURI--COLUMBIA                                          
MUU     


  US,NC                BAKER & TAYLOR INC TECH SERV & PROD DEV                             
BTCTA   

  US,NC                DUKE UNIV LIBR                                                      
NDD     

  US,NC                NORTH CAROLINA A&T STATE UNIV                 Local Holdings 
Availa...                                         NQA     

  US,NC                NORTH CAROLINA STATE UNIV AT RALEIGH LI                             
NRC     


  US,NE                UNIV OF NEBRASKA AT LINCOLN                                         
LDL     


  US,NH                GOBI LIBR SERVS                                                     
YDX     


  US,NJ                SIEMENS CORP CORPORATE RES & TECHNOL                                
SEZ     


  US,NM                NEW MEXICO STATE UNIV                                               
IRU     

  US,NM                UNIV OF NEW MEXICO                            Local Holdings 
Availa...                                         IQU     


  US,NY                COLUMBIA UNIV IN THE CITY OF NEW YORK                               
ZCU     

  US,NY                CORNELL UNIV                                  Local Holdings 
Availa...                                         COO     

  US,NY                CUNY CENT OFF                                                       
ZCY     

  US,NY                CUNY THE GRAD CTR LIBR                                              
ZGM     

  US,NY                IBM TJ WATSON RES CTR LIBR                                          
XIB     

  US,NY                SUNY AT ALBANY LIBRS                                                
NAM     

  US,NY                SUNY AT BUFFALO                                                     
BUF     

  US,NY                SYRACUSE UNIV                                 Local Holdings 
Availa...  Committed to Retain                    SYB     


https://search.lib.umich.edu/catalog?&library=All+libraries&query=isn%3A29181710
https://primo.lib.umn.edu/primo-explore/search?institution=TWINCITIES&vid=TWINCITIES&search_scope=default_scope&indx=1&dym=true&highlight=true&lang=en_US&query=any,exact,29181710
http://catalog.lindahall.org/primo_library/libweb/action/search.do?vid=LHL&mode=Advanced&tab=books_more&fn=search&indx=1&vl%2811203472UI0%29=isbn&vl%281UIStartWith0%29=contains&vl%28freeText0%29=0792394194
https://search.ebscohost.com/login.aspx?direct=True&profile=foliotest&custid=039-820&groupid=main&authtype=guest&bquery=OC+29181710
http://libcat.slu.edu/search~S8/o29181710
http://merlin.lib.umsystem.edu/o?SEARCH=29181710
https://find.library.duke.edu/?utf8=%E2%9C%93&search_field=oclc&q=29181710
http://library.ncat.edu/search~b1o1c1i1a1/o29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=343-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
http://www2.lib.ncsu.edu/catalog/?Nty=1&N=0&Ntk=Keyword&Ntt=0792394194
https://unl.primo.exlibrisgroup.com/discovery/search?tab=LibraryCatalog&search_scope=MyInstitution&vid=01UON_LINC:UNL&&mode=basic&query=any,contains,29181710
https://nmsu.primo.exlibrisgroup.com/discovery/search?vid=01NEWMEX_INST:NMSU_LC&sortby=rank&lang=en_US&query=any,contains,0792394194
https://unm.on.worldcat.org/search?queryString=no:29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=208-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
http://clio.columbia.edu/catalog?search_field=all_fields&q=ocm29181710
https://newcatalog.library.cornell.edu/catalog?search_field=publisher+number%2Fother+identifier&q=29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=119-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://cuny-network.primo.exlibrisgroup.com/discovery/search?vid=01CUNY_NETWORK:CUNY_NETWORK&query=any,contains,29181710
https://cuny-gc.primo.exlibrisgroup.com/discovery/search?vid=01CUNY_GC:CUNY_GC&tab=Everything&search_scope=IZ_CI_AW&query=any,contains,29181710
https://suny-alb.primo.exlibrisgroup.com/discovery/search?tab=Everything&sortby=rank&vid=01SUNY_ALB:01SUNY_ALB&sortby=rank&lang=en&query=any,contains,29181710
https://search.lib.buffalo.edu/discovery/search?vid=01SUNY_BUF:everything&tab=EverythingUBSUNY&search_scope=UBSUNY&query=any,contains,29181710
https://catalog.syr.edu/vwebv/search?searchCode1=OCLC&argType1=any&recCount=10&searchType=2&page.search.search.button=Search&searchArg1=29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=124-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=124-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
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  US,NY                UNIV OF ROCHESTER                             Local Holdings 
Availa...  Committed to Retain                    RRR     


  US,OH                AF RESEARCH LAB LIBR                                                
SCW     

  US,OH                BAKER & TAYLOR                                                      
BAKER   

  US,OH                CASE WESTERN RSV UNIV                                               
CWR     

  US,OH                EATON UNIV LIBR                                                     
EAT     

  US,OH                KENT STATE UNIV                                                     
KSU     

  US,OH                MIAMI UNIV                                                          
MIA     

  US,OH                OHIO UNIV                                                           
OUN     

  US,OH                UNIV OF TOLEDO                                                      
TOL     


  US,OK                OKLAHOMA STATE UNIV                                                 
OKS     

  US,OK                UNIV OF OKLAHOMA                                                    
OKU     


  US,OR                OREGON STATE UNIV CORVALLIS                                         
ORE     


  US,PA                LAFAYETTE COL                                 Local Holdings 
Availa...  Committed to Retain                    LAF     

  US,PA                PENNSYLVANIA STATE UNIV                                             
UPM     

  US,PA                UNIV OF PENNSYLVANIA                                                
PAU     

  US,PA                UNIV OF PITTSBURGH                            Local Holdings 
Availa...  Committed to Retain                    PIT     

  US,PA                UNIV OF SCRANTON                                                    
SRU     


  US,RI                BROWN UNIV                                                          
RBN     


  US,SC                UNIV OF S CAROLINA                                                  
SUC     


  US,TN                TENNESSEE TECHNOLOGICAL UNIV                                        
TTU     

  US,TN                UNIV OF TENNESSEE                                                   
TKN     


  US,TX                BAYLOR UNIV                                                         
IYU     

  US,TX                TEXAS A&M UNIV                                                      
TXA     

  US,TX                TEXAS A&M UNIV, KINGSVILLE                                          
TAI     

  US,TX                TEXAS TECH UNIV                                                     
ILU     


https://rochester.primo.exlibrisgroup.com/discovery/search?vid=01ROCH_INST:UR01&sortby=rank&lang=en&query=any,contains,29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=112-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=112-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://elibweb89.eosintl.com/W95020/OPAC/resolve.link?isbn=0792394194
http://olc1.ohiolink.edu/search/o29181710
http://olc1.ohiolink.edu/search/o29181710
http://www.lib.muohio.edu/multifacet/books/29181710
http://olc1.ohiolink.edu/search/o29181710
https://carlson.utoledo.edu/search/o29181710
https://okstate-stillwater.primo.exlibrisgroup.com/discovery/search?vid=01OKSTATESTILL_OKSTAT:OKSTAT&sortby=rank&lang=en_US&query=isbn,contains,0792394194
https://ou-primo.hosted.exlibrisgroup.com/primo-explore/search?search_scope=ou_alma&vid=OUNEW&query=any,contains,29181710
https://search.library.oregonstate.edu/discovery/search?vid=01ALLIANCE_OSU:OSU&sortby=rank&offset=0&query=lds52,contains,29181710
https://libcat.lafayette.edu/Search/Results?type=ctrlnum&lookfor=29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1286-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=1286-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://catalog.libraries.psu.edu/catalog?utf8=%E2%9C%93&op=AND&search_field=advanced&commit=Search&identifiers=29181710
https://franklin.library.upenn.edu/catalog?search_field=isxn_search&q=0792394194
http://pitt.summon.serialssolutions.com/#!/search?ho=t&l=en&q=OCLC:29181710
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=54-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://firstsearch.oclc.org/WebZ/FSFETCH?fetchtype=holdlocal:holdingsorttype=default:recno=1:resultset=1:format=FL:numrecs=1:accInst=54-29181710:next=html/localholdings.html:bad=html/holdings.html:sessionid=fsap05pxm1-1680-les0pmel-tsp5bf:entitypagenum=6:0
https://weinberg.scranton.edu/search/o29181710
https://bruknow.library.brown.edu/discovery/search?tab=Everything&search_scope=MyInst_and_CI&sortby=rank&vid=01BU_INST:BROWN&offset=0&query=any,contains,29181710
https://pascal-usc.primo.exlibrisgroup.com/discovery/search?vid=01PASCAL_USCCOL:USC&sortby=rank&lang=en_US&query=any,contains,29181710
https://tntec-primo.hosted.exlibrisgroup.com/primo-explore/search?vid=01TNTECH_default&lang=en_US
https://utk.primo.exlibrisgroup.com/discovery/search?tab=Everything&search_scope=MyInst_and_CI&vid=01UTN_KNOXVILLE:01UTK&lang=en&offset=0&query=any,contains,29181710
https://baylor.primo.exlibrisgroup.com/discovery/search?vid=01BUL_INST:BAYLOR&query=any,contains,29181710
https://catalog.library.tamu.edu/Search/Results?type=ISN&lookfor=0792394194
https://firstsearch.oclc.org/WebZ/139.94.160.7/search/o29181710
https://ttu-primo.hosted.exlibrisgroup.com/primo-explore/search?institution=01TTU&vid=01TTU&mode=advanced&lang=en_US&%20search_scope=01TTU_ALMA&tab=library_catalog&mode=advanced&query=isbn,contains,0792394194
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  US,TX                UNIV OF TEXAS AT ARLINGTON                                          
IUA     


  US,UT                BRIGHAM YOUNG UNIV PROVO                                            
UBY     

  US,UT                UTAH STATE UNIV                                                     
UUS     

  US,UT                WEBER STATE UNIV                                                    
UUO     


  US,VA                GEORGE MASON UNIV                                                   
VGM     

  US,VA                NASA, LANGLEY RES CTR                                               
NAT     

  US,VA                NORFOLK STATE UNIV                                                  
VNS     

  US,VA                OLD DOMINION UNIV                                                   
VOD     

  US,VA                VIRGINIA COMMONWEALTH UNIV LIBR                                     
VRC     


  US,WA                SEATTLE UNIV                                                        
WSE     


  US,WI                MARQUETTE UNIV                                                      
GZQ     


  US,WY                UNIV OF WYOMING LIBR                                                
WYU     


  Australia            AUSTRALIAN DEFENCE FORCE ACAD LIBR                                  
ADM     

  Australia            CURTIN UNIV OF TECH                                                 
LC0     

  Australia            MONASH UNIV LIBR                                                    
LM1     

  Australia            UNIV OF MELBOURNE                                                   
UMV     

  Australia            UNIV OF SYDNEY                                                      
LS1     

  Australia            UNIV OF TECH, SYDNEY                                                
LT1     

  Australia            UNIV OF WOLLONGONG                                                  
LP1     

  Australia            VICTORIA UNIV                                                       
LR0     


  Brazil               UNIV OF SAO PAULO, SIBI                                             
UBA     


  CA,AB                UNIV OF ALBERTA                                                     
UAB     


  CA,BC                SIMON FRASER UNIV                                                   
SFB     


https://uta.summon.serialssolutions.com/#!/search?ho=t&l=en&q=OCLC:29181710
http://catalog.lib.byu.edu/uhtbin/isbn-search/0792394194
https://libcat.lib.usu.edu/
https://libcat.weber.edu/cgi-bin/koha/opac-search.pl?idx=kw&q=29181710
http://library.gmu.edu/phpzone/WorldCat2Mason.php?OCLC=29181710
http://nasagalaxie.larc.nasa.gov/uhtbin/cgisirsi/0/0/0/60/163/X?user_id=LANGLEY
http://library.nsu.edu/search/o29181710
https://odu-primo.hosted.exlibrisgroup.com/openurl/01ODU/01ODU_SERVICES?rft.oclcnum=29181710
https://apps.library.vcu.edu/assets/shared/includes/permalink.php?stype=isbn&search=0792394194
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