Sym olic Editing with VEM aul B. Cohen Massac usetts Micro electronics Cen ter Cop yrigh 1989 Massac usetts ec hnology ark Corp oration Con ten ts In tro duction 1.1 Ab out the utorials 1.2 Windo Managers Starting VEM En tering Argumen ts in VEM 3.1 Changing Argumen ts 11 OCT Notation 12 4.1 OCT and UNIX 14 Dra wing Circuitry 14 5.1 alettes and the VEM Men 14 5.2 Adding ransistors 18 5.3 Selecting and Cop ying Ob jects 19 5.4 Sa ving our ork 22 5.5 More Selecting, Mo ving ransforming and Unselecting 22 5.6 an, Zo om, and Multiple Windo ws. 24 Lab eling erminals 29 6.1 Adding Prop erties 30 rapping up! 31 7.1 Key Bindings 31 7.2 Closing VEM 33 Sim ulation 34 Compacting the La out 36 10 Creating the In terface acet and Adding Prop erties 39 11 Instan tiating One Cell in Another 39 11.1 Lab el the I/O 42 12 Sim ulating the New Cell 43 12.1 Prin ting the La out (Optional) 44 13 Additional Reading 44 ol class Examples Unix Windo System ersion 11 (X11) Windo Manager dxwm, wm ext Editor vi, emacs, xedit Octto ols vem usa, olfe able 1: ols required for the tutorials In tro duction This tutorial is part of series on the use of VEM and the CT to ol suite for VLSI design. VEM is an in teractiv graphics editor for designs repre- sen ted using the CT Data manager. VEM curren tly supp orts ph ysical and sym olic editing of IC designs, as ell as sc hematic capture. Previous releases of the CT to ols included tutorials on ph ysical and sym- olic editing written Da vid Harrison, (U. C. Berk eley) author of VEM In addition, sc hematic capture tutorial as pro vided this author. This tutorial \b orro ws" hea vily from the earlier tutorials, but includes ma new features not ailable in earlier ersions of the CT to ols. The tutorials co er man of the command ailable in VEM but the co v- erage is not complete. After completing the tutorials, ou should able to disco er ho to use the remaining commands referring to the man ual. (Also kno wn as the \man page".) 1.1 Ab out the utorials There are tutorials co ering eac of the three editing st yles ailable in VEM (ph ysical, sym olic and sc hematic) as of Octto ols Release 3.4 Since eac tutorial is in tended to \stand-alone", eac includes section co ering some basic VEM op erations common to the three st yles. able lists the categories of to ols ou will need to complete these tutorials. It is assumed that ou are familiar with the use of at least one text editor, the Windo System, and windo manager. If ou are not familiar with the use of the Windo System and windo manager, see the tutorial, Overview of the Window System All of the tutorials assume ou are logged in to graphics orkstation run- ning the Windo System (X11), Unix windo manager, and Octto ols Release 3.4 or higher. Commands ou should yp are noted as follo ws: type this command Quotation marks are ery imp ortan in VEM When they app ear in command suc as "invert:physical":open-window ou should en ter the quotation marks as they app ear in the text. Man VEM commands are ound to ey so they can in ok ed with single eystrok e. These eys will noted with x, as in and are not follo ed the return ey Lik Unix key bindings are case sensitiv e. The notation indicates ou should press and hold the con trol (Ctrl) ey while pressing the indicated ey aragraphs lik this describ an op eration whic is more complicated than simply yping in command. Suc op erations generally require the mouse. ou should read the paragraph efore pro ceeding. Exp erience has sho wn that there are certain op erations whic no vice users often �nd di�cult. These op erations are noted with the sym ol Read these paragraphs esp ecially carefully efore pro ceeding. Some VEM op erations require that ou click one of the mouse buttons, others require ou to pr ess mouse button. When ou are ask ed to click mouse button, that means ou should press and immediately ele ase the button without mo ving the mouse. When ou are ask ed to pr ess one of the buttons, ou should press the button and hold it do wn while erforming the indicated op eration (generally in olving mouse mo emen t), then ele ase it when the op eration is complete. 1.2 Windo Managers VEM assumes that windo manager is running. Some windo managers place title bar at the top of eac windo w. If our terminal windo has title bar, then there is windo manager running. (Figure sho ws the title bar created the windo manager dxwm .) Some windo managers Figure 1: Sample DECterm with dxwm title bar (lik the X11 ersion of the opular windo manager, wm do not add title bar. If ou are not sure if wm is running, try mo ving or resizing the windo w. If ou don’t kno ho to do this, ou should try the Overview of the Window System tutorial efore pro ceeding. Some windo managers require ou to click one of the mouse buttons (usu- ally the left mouse button) to fo cus eyb oard input on particular windo w. Dxwm is an example of suc windo manager.) Other windo managers wm for example), fo cus input automatically based on whic windo is directly under the cursor. It is assumed that ou are familiar with the op- eration of whatev er windo manager ou are using. The remainder of this tutorial assumes that input is fo cused on the prop er windo w. Once again, if ou are not sure, ou should try the \Ov erview of the Windo System" tutorial efore pro ceeding. Starting VEM This section explores some ery basic op erations in VEM suc as op ening windo ws. It is ery similar to the \Starting VEM section in the Ph ysical Editing and Sc hematic Capture tutorials. If ou ha completed one of these tutorials, ou ma safely skip to the next section after op ening VEM graphics windo for the cell nand:symbolic Start VEM with the command: vem -G+0-0 Figure 2: Sample VEM console windo (If the directory ~octtools/bin is not included in our searc path, ou should either yp e: ~octtools/bin/vem -G+0-0 or add ~octtools/bin to our searc path.) After few seconds, the VEM console windo will app ear in the lo er left hand corner of our screen. Figure sho ws sample em console windo w. The command line switc -G+0-0 indicates the X{Y co ordinates of the initial osition of the VEM console windo on the screen. Mo the cursor to the newly created VEM console windo w. (If ou need to man ually fo cus input on windo w, sure to do so). yp e: "nand:symbolic" and then press the ey The letter \o" is the default key binding for the VEM command open-window Th us, when ou press the ey the command "nand:symbolic" open-window actually app ears in the VEM console windo w. Since the nand cell do es not et exist, it will created. The message: \Bu�er do es not exist. New bu�er created" will app ear in the VEM console windo w. Figure 3: Sample missing prop ert dialog VEM will need to kno few basic facts ab out the cell ou are cre- ating. These facts are kno wn as pr op erties Since the nand cell do es not et exist, the essen tial prop erties are considered to missing. VEM will prompt ou for the prop erties op ening small windo called dialo ox (See �gure for sample dialog x). VEM will try to ho ose some reasonable default alues for the prop erties. The ec hnology prop ert should scmos while the EDITSTYLE and VIEWTYPE prop erties should oth SYMBOLIC Mo the cursor er the lab eled \OK" and click the left mouse button. The eha vior of VEM at this oin is sligh tly dep enden on the yp of windo manager ou are using. With some windo managers, VEM graphics windo will created at some lo cation on the screen. (Be sure to hange the fo cus!) Other windo managers wm for example) will create the outline of the VEM graphics windo at the curren cursor lo cation. If this happ ens, mo the cursor suc that the outline is roughly cen tered on the screen and click the left mouse button to actually create the VEM graphics windo w. Since VEM runs on top of the Windo System, the VEM graphics windo and the VEM console windo can mo ed and resized in the same manner as an other application. Figure sho ws newly created VEM graphics windo for the cell nand The windo is divided in to areas, the gr aphics display area and the title ar lo cated at the top of the windo w. If the prop erties are not correct, it is probably due to yp ographical error when ou en tered the argumen to the op en-windo command. Clic the left mouse button er the Cancel and re-en ter the command line. Figure 4: VEM graphics windo In the cen ter of the title bar is the name of the cell. In this case, it is nand:symbolic the righ hand edge of the title bar, VEM displa ys the curren lo cation of the cursor when it is in the graphics windo w, in (lam da). Mo the cursor around the VEM graphics windo and atc the um ers in the title bar hange. The um ers on the left indicate the size of graphics argumen t. This will co ered shortly or no w, these um ers should [0,0]. En tering Argumen ts in VEM VEM commands are sp eci�ed in ost-�x notation. That is, ou �rst sp ecify the argumen ts to command, then the command itself. or example, when ou op ened the graphics windo w, ou �rst sp eci�ed the cell nand:symbolic then the command open-window VEM accepts yp es of argumen ts. These are oin ts lines xes text and ob jects Graphics argumen ts (p oin ts, lines, and xes) are en tered in to VEM via the mouse. The left mouse button is used for en try of graphics information, the middle button in ok es the VEM commands men u, and the righ button is used to mo dify graphics argumen ts. As argumen ts and commands are en tered, user feedbac is pro vided via the VEM console windo w. Th us, it is advisable to oid co ering the VEM console windo with other windo ws. Mo the cursor to the VEM graphics windo w, and click the left mouse button. This will create oin in the VEM graphics windo w, and the message: em oin ts(1) ec hos to the VEM console windo w. Mo the cursor around the VEM graphics windo w, and en ter few more oin ts. (Be sure to stop the cursor efore en tering eac oin t.) Note that eac time oin is en tered in the VEM graphics windo w, the um er of oin ts in the VEM console windo is incremen ted. Once ou ha en tered few oin ts, hit the delete ey and observ that the oin ts ou en tered are deleted in rev erse order. The um er of oin ts in the VEM console windo is decremen ted eac time ou delete oin t. While ou still ha few oin ts remaining (en ter few new oin ts if necessary), and press This will delete all of the oin ts from the VEM graphics windo w, and remo the argumen coun from the VEM console windo w. Next will en ter some xes. The um ers on the left hand side of the title bar are used to indicate the size of graphics argumen t. As en ter argumen ts, these um ers will hange. en ter x, pr ess the left mouse button, and hold it do wn while ou mo the mouse. As ou mo the mouse, will app ear and will hange size as ou mo the mouse. ele ase the left mouse button to complete the x. The argumen t: em xes(1) will app ear in the VEM console windo w. Note that the argumen size um ers at the left hand edge of the title bar indicate the size of the ou just drew in En ter few more xes. As ou dra eac x, note that the argumen size um ers in the title bar hange as the xes are created. As with oin ts, xes can remo ed in rev erse order with the delete ey ry deleting few xes. All of the argumen ts can deleted pressing ry this no w. So far ha en tered graphics argumen ts clicking the left mouse but- ton, and pr essing the mouse button and moving the mouse efore ele ase the button. This has allo ed us to en ter oin ts and xes Lines argumen ts are en tered in to VEM via com bination of mouse click and pr ess op erations. dra line, mo the mouse to the place ou ould lik one end of the line to and click the left mouse button. Do not move the mouse after the oint has en enter d. With the cursor er the oin ou just en tered, pr ess the left mouse button again. With the button held do wn, mo the mouse around bit. Note that in the sym olic editing st yle line argumen ts snap to \Manhattan" (90 angles. When ou an to complete the line, ele ase the left mouse button. When ou �rst create the oin t, the argumen t: em oin ts(1) app ears in the VEM console windo w. When ou complete the line, the argumen hanges to: em lines(1) ry en tering few more lines and atc the resp onse in the VEM console windo and the argumen size en try in the title bar. delete line, ou will need to hit the delete ey wice. The �rst time ou hit the delete ey the last line argumen in the VEM console windo will rev ert to oin argumen t. The second time ou hit the delete ey the oin will deleted. ry hitting the delete ey few times and see what happ ens. As with oin ts and xes, the en tire argumen list can remo ed with If ou ha an lines remaining, delete them with no w. 10 Figure 5: VEM graphics windo with some oin ts, xes, and lines Figure sho ws sample VEM graphics windo with some oin ts xes and lines en tered. The argumen size indicates the last argumen (a dra wn had size of 3.1 Changing Argumen ts Sometimes ou ma en ter argumen ts whic are not the righ size, or are not in the righ place. It is not necessary to delete an argumen in order to hange its osition or size. En ter or oin ts in the VEM graphics windo w. (Remem er, just click the left mouse button to create oin t.) Mo the mouse er one of the oin ts, and pr ess and hold the righ mouse button. While holding the button do wn, mo the cursor to some other lo cation in the VEM graphics windo and ele ase the righ mouse button. Note that the oin has een mo ed to new lo cation. Delete all of the oin ts yping 11 En ter somewhere in the VEM graphics windo w. Pr ess the left mouse button, mo the mouse, and ele ase the button.) Mo the cursor er an of the corners of the x. Pr ess and hold the righ mouse button and mo the mouse. Notice ho the corner of the mo es with the cursor. ele ase the righ mouse button to lea the ertex in new lo cation. ry hanging the again, noting that the argumen size indicator no indicates the hange in the size of the argumen t. Delete the with with either the delete or eys. No en ter line somewhere in the VEM graphics windo w. Click the left mouse button, then pr ess the left mouse button again and mo the mouse efore ele asing the button.) osition the cursor er one end of the line, and try hanging the endp oin pr essing the righ mouse button, mo ving the mouse, and ele asing the button. Delete the line hitting ha seen ho to en ter yp es of argumen ts in VEM oin ts lines and xes ere en tered via the mouse. When �rst created the VEM graphics windo nand:symbolic en tered text argumen t. will see ho to en ter and manipulate ob ject argumen ts shortly OCT Notation VEM uses the CT Data Manager to store and retriev all graphics infor- mation. Some understanding of the CT notation is useful to use VEM e�ectiv ely In CT the basic design unit is the el Eac cell is an arbitrarily complex ortion of the design, and ma include other cells in hierarc hical fashion. Figure is an example of the cell hierarc in CT the top of the �gure is bit adder cell This adder includes copies of bit adder cell Eac bit adder cell migh include AND cells OR cells and XOR cells Eac of these cells migh include transistor cells whic are not sho wn. 12 Figure 6: OCT cell hierarc cell ma ha man views dep ending on what design st yle ou use and where ou are in the design cycle. ha just created the symbolic view of the nand cell (though ha en’t added an geometries or ob jects to that cell et). The CT notation for the symb olic view of the nand el is nand:symbolic could ha other views of the same cell. or example, migh also an to ha schematic view of the nand cell, where ould create the transistor lev el sc hematic. migh call this nand:schematic CT pro vides mec hanism for represen ting CAD data, but places no meaning on the data. Policy is used to assign meaning to the data. Curren tly olicies are de�ned for view typ es These are physic al symb olic and schematic The VIEWTYPE prop ert ust corresp ond to one of the de�ned yp es, but the name of the view is arbitrary or example, ma ha di�eren views of the nand cell, nand:test1 and nand:test2 whic oth ha the VIEWTYPE prop ert SYMBOLIC Finally eac view con tains some um er of fac ets Eac view has facet named contents ", whic con tains the actual de�nition of the view. The facet is the fundamen tal unit that ou edit in CT An interface facet has een de�ned, whic con tains an abstraction of the con ten ts facet. The in terface facet is usually generated from the con ten ts facet to ol suc as 13 vulcan When op ened the VEM graphics windo sp eci�ed the CT cell:view of nand:symbolic Since did not sp ecify the facet, the contents facet as assumed. So when actually add geometries to the cell, will adding them to nand:symbolic:contents 4.1 OCT and UNIX Eac CT cell corresp onds to Unix directory and eac view is sub di- rectory of the asso ciated cell. acets are stored as �les in the corresp onding view sub directory Th us, the CT structure nand:symbolic:contents cor- resp onds to the Unix �le system pathname nand/symbolic/contents; There are no restrictions on where in the Unix �le structure eac of the cell directories is lo cated. In the bit adder structure of �gure 6, it is reasonable to ha the bit adder cell and bit adder cell in directory named project while the individual gates are actually in common library Dra wing Circuitry So far, ha learned no to en ter argumen ts, but ha not actually added an circuitry in to VEM can add wiring, transistors, or other CT cells using the create command. oin ts lines xes and text are used to de�ne whic ob ject ould lik to add and where to add it. In VEM in terconnect, con tacts, terminals, and transistors are considered \primitiv es". The primitiv es are stored in the CT library (F or scmos, the library is in ~octtools/lib/technology/scmos ). Eac time add one of these ob jects to the cell are orking on, cr ate an instanc of that ob ject Other cells, whether they from common library or of our wn design, can also instan tiated with the create command. 5.1 alettes and the VEM Men In VEM oin ts lines and xes are used to indicate where an instance is to created. VEM will also need to kno what ou ould lik to create. simple to add ob jects to our cell is via instanc inheritanc (If ou ha tried the ph ysical editing tutorial, instanc inheritanc is similar 14 VEM System Displa Options Props Bags Edit Selection Application Figure 7: Main VEM men in concept to layer inheritanc ). When ou op ened the VEM graphics windo on the cell nand:symbolic VEM con�rmed certain default prop ert alues for the cell. (See �gure on page 7.) The �rst prop ert as the \TECHNOLOGY" prop ert whic has default alue of scmos In order to determine what la ers are ailable for wiring in giv en tec hnology and to create small sample of eac la er for the create command to use for instance inheritance, will op en layer alette window for the scmos tec hnology Mak sure the cursor is in the VEM graphics windo w, and click the middle mouse button. The main VEM men will app ear with ma jor categories, eac with an arro indicating commands sp eci�c to that category are on sub- pane of the main men u. (See �gure 7). (If ou acciden tally in ok the VEM men and don’t an to actually execute an of the commands, simply mo the cursor to some blank sp ot on the screen and click the righ mouse button.) Mo the cursor er the arro to the righ of the System en try on the main men u. The System sub-men will app ear, as sho wn in �gure 8. Mo the cursor to the palette command, and click the left mouse button. palette windo will app ear, with the title .../layers:symbolic (Remem er, ou ma need to osition the outline and click the left 15 op en-windo close-windo where list-palettes palette re-read sa e-windo switc h{facet bindings Figure 8: System sub-pane of VEM men Figure 9: Sym olic editing palette for scmos mouse button to create the windo w.) Figure sho ws sample sym olic editing la er palette for the scmos tec hnology If the la er palette windo is co ering the VEM graphics windo w, ou should mo one or oth of the windo ws so oth the la er palette windo and the VEM graphics windo are completely visible. (The la ers ailable in the palette do not corresp ond exactly to Cmos mask la ers. Later in this tutorial will use most of the la ers in the palette, so will see where eac of the la ers should used.) There are um er of other palettes ailable for sym olic editing. particularly useful one is the mosfet palette, whic con tains ariet of Pmos and Nmos transistors. Be sure the cursor is in the VEM graphics windo w, and yp e: "mosfet" 16 Figure 10: Mosfet alette Notice that the text ec hos in the VEM console windo w. With the cursor in the VEM graphics windo w, click the middle mouse button to in ok the VEM main men again. Mo the cursor er the arro to the righ of the System en try on the main men u. The System sub-men will app ear, as sho wn in �gure 8. Mo the cursor to the palette command, and click the left mouse button. second palette windo will app ear. The new palette will ha the name .../mosfet-palette:symbolic in the title bar. The mosfet palette con tains 10 transistors (5 Pmos along the top, Nmos along the ottom) as sho wn in �gure 10. If necessary mo the mosfet palette so it is not co ering either the VEM graphics windo or the la er palette. There are um er of other palettes ailable, but the palettes curren tly on the screen are the most useful. Additional transistor sizes are ailable on the xmosfet palette. Con tacts and terminals are included on the connector palette. Since con tacts and terminals are usually added automatically VEM users do not generally need to op en the connector palette. or the purp oses of this tutorial, will need only the la er palette and the mosfet palette. Once ou are familiar with VEM feel free to explore the other palettes ailable. 17 �nd out what palettes are ailable, mak sure the cursor is in the VEM graphics windo w, and yp e: :list-palettes The command will ec ho to the VEM console windo w, and list of the palettes ailable will prin ted in the VEM console windo 5.2 Adding ransistors In this and subsequen section, will create the la out for input NAND gate. The gate will then sim ulated and compacted. Once this is done, will instan tiate the NAND gate in another cell to demonstrate the hi- erarc hical nature of the to ols. The goal of this tutorial is to learn the use of VEM not to create the est NAND gate la out ossible. There ma times when ou are ask ed to erform an op eration whic ou susp ect ma not correct. Please ep erform the op erations as sp eci�ed, since the purp ose will to sho ho to correct the errors. In the VEM graphics windo w, mo the cursor to co ordinates -12,20. ou can use the cursor information at the righ hand edge of the title bar to determine where (-12,20) is on the screen, or ou can simply coun grid oin ts. Click the left mouse button to create oin at (-12,20). Mo the cursor to the mosfet palette (the title bar reads .../mosfet-palette:symbolic and osition the cursor er the Pmos transistor in the upp er left hand corner of the mosfet palette. Click the middle mouse button to in ok the VEM main men u. When the main men app ears, mo the cursor to the arro to the righ of the Edit en try on the VEM main men u. The �rst item on the edit sub-pane is create Mo the cursor er this en try and click the left mouse button to create an instance of the transistor in the VEM graphics windo w. (P art of the transistor ma extend o� the top of the VEM graphics windo w. This is OK.) 18 In CT terminology ou ha created an instance of ~octtools/lib/technology/scmos/primitives/pmos.4.2:physical in our circuit, nand:symbolic The cell, nand:symbolic \con tains" the instance of the transistor. Mo the cursor to co ordinates (0,-6) in the VEM graphics windo w. Create oin clicking the left mouse button. Mo the cursor to co ordinates (0,-15) in the VEM graphics windo and create another oin clicking the left mouse button. Mo the cursor to the mosfet palette windo w, and osition it er the Nmos transistor in the lo er left hand corner of the palette. Click the middle mouse button to in ok the VEM men u, and osition the cursor er the arro next to the Edit en try When the edit sub-pane app ears, mo the cursor er the create en try but do not click the left mouse button yet Notice the small letter \c" next to the create command. This is the default key binding for the create command. No go ahead and click the left mouse button. ou will see Nmos transistors instan tiated in the VEM graphics windo w. The ey is \b ound" to the create command. In general, there are ys to en ter VEM commands, though not all of the commands can en tered in all ys. The create command, for example, can en tered via the men u, as ha done, pressing the ey or yping the command preceeded colon(:). will tak closer lo ok at ey bindings later in this tutorial. 5.3 Selecting and Cop ying Ob jects While could ha instan tiated Pmos transistors, can also use the copy-objects command to create the second transistor. Before can cop the transistor, will need to select it with the select-objects command. 19 Mo the cursor to co ordinates (-12,20) in the VEM graphics windo w. The cursor should cen tered er the Pmos transistor. Press the ey to select the Pmos transistor. Note that the en tire transistor is selected as single ob ject. In the VEM console windo w, the command line indicates ha selected the �fth yp of VEM argumen t, the ob ject The command line in the VEM console windo should read: em ob jects(1) Click the left mouse button to create oin at co ordinates (-12,20). Mo the cursor to co ordinates (12,20) in the VEM graphics windo w, and click the left mouse button again to create second oin t. The command line in the VEM console windo will read: em ob jects(1) oin ts(2) Th us, ou are using the mouse in the VEM graphics windo to build an argumen list. Click the middle mouse button to in ok the VEM main men u, and mo the cursor er the arro next to the Selection en try Lo cate the copy-objects en try on the selection sub-pane. (Note the small \x" indicating the ey binding for the copy-objects command). Click the left mouse button to execute the copy-objects command. second Pmos transistor has een instan tiated in the VEM graphics windo w. This transistor is still selected. Mo the cursor er the new transistor (co ordinates (12,20) will ork) and press the ey whic is ound to the command unselect-objects (Y ou ma ha noticed earlier that unselect-objects can also found on the Selection sub-pane of the VEM main men u). The copy-objects command requires list of ob jects to copied, as ell as oin ts indicating the displacemen of the cop VEM will cop the selected ob jects, and displace the cop the amoun indicated the X{Y di�erence et een the oin ts. In this case, the oin ts ere 24 apart in the direction and apart in the direction. 20 Figure 11: artially completed NAND gate la out The Pmos transistors probably extend bit o� the top of the VEM graph- ics windo w. can use the show-all command to �t what ha dra wn so far in to the VEM graphics windo w. With the cursor an ywhere in the VEM graphics windo w, press the ey whic is the ey binding for the show-all command. Show-all is on the Displa sub-pane of the VEM men u). this oin t, our la out should resem ble �gure 11. 21 Figure 12: VEM dialog for the sa e-all command 5.4 Sa ving our ork It is generally go idea to sa ou ork erio dically There are com- mand in VEM for sa ving ou ork. These are save-window and save-all Both commands are ound to the same ey This is an example of the con text sensitiv nature of VEM Mo the cursor to the VEM graphics windo w, and press the ey (Remem er, VEM is case sensitiv e.) ou will see the command :save-window ec ho ed in the VEM console windo w. Mo the cursor to the VEM console windo w, and press the ey again. Notice the command save-all is ec ho ed in the VEM console windo w. VEM will op en dialog asking ou whic bu�ers ou ould lik to sa e. Figure 12 sho ws what this dialog will lo ok lik e. Mo the cursor er the next to nand:symbolic:contents; and click the left mouse button. dot will app ear in the x. Mo the cursor er the lab eled \OK", and click the left mouse button again to con�rm the save-all op eration. 5.5 More Selecting, Mo ving ransforming and Unselecting It will mak the connection of the transistors bit simpler if the drain termi- nals of the Pmos transistors ere \facing" eac other. can accomplish this with the transform command. 22 In the VEM graphics windo w, mo the cursor to co ordinates (-17,16). This is just elo and to the left of the left hand Pmos transistor. Dra exactly 10 Remem er, to dra ou should pr ess the left mouse button and mo the mouse while holding the button. ele ase the button when the is the righ size. (Use the argumen size en try in the title bar to determine the size of the x.) Press the ey This will select all ob jects completely enclosed the x. In this case, the only ob ject completely enclosed the is the Pmos transistor. Keep the cursor in the VEM graphics windo and yp e: "270" and press the ey is the ound to the transform command on the Selection page of the VEM men u). The selection has hanged, but the transistor itself hasn’t mo ed. Press the ey to actually mo the transistor to its transformed lo cation. Place the cursor er the selected transistor. Click the middle mouse button to in ok the VEM men u, and the lo cate the unselect-objects command on the Selection sub-pane of the VEM men u. Click the left mouse button to execute the unselect-objects com- mand. Note that the ey binding is \u". Mo the cursor to co ordinates (6,20) in the VEM graphics windo w. Dra line, eginning at (6,20) and extending to the righ ([8,0]). (Remem er, click the left mouse button to create oin t, then pr ess the left mouse button er that oin and mo the mouse to the righ t. ele ase the left mouse button when the end of the line is where ou an it.) The end of the line will er the righ hand Pmos transistor. Press the ey This will select all ob jects the line in tersects, whic in this case is only the righ hand transistor. 23 Press the ey to transform the selection x. Press the ey to mo the transistor to its transformed lo cation. With the cursor er the selected transistor, press to unselect the ob ject under the cursor (the transistor). In VEM can use oin ts xes or lines as argumen ts to the select-objects command. The unselect-objects command, and man other VEM commands, op erate in similar fashion, as shall so on see. 5.6 an, Zo om, and Multiple Windo ws. In order to complete the NAND gate, will need to in terconnect the tran- sistors. In order to connect the source terminals of the Pmos transistor, will need to pan the VEM graphics windo up so ha more ro om ab the la out to ork. Place the cursor et een the Pmos transistors in the VEM graphics windo w, at co ordinates (0,20). Press the ey to pan the oin under the cursor to the cen ter of the VEM graphics windo w. on’t needing the mosfet palette for the remainder of this tutorial. In order to eep the screen uncluttered, can close the mosfet palette windo w. will still need the la er palette. Mo the cursor er the mosfet-palette windo w, and press This is the ey binding for close-window whic is on the System sub-pane of the VEM men u. can no egin to in terconnect the NAND gate. Mo the cursor er the drain of the left hand Pmos transistor. Co- ordinates (-10,20) in the VEM graphics windo will place the cursor er the cen ter of the drain. 24 Dra line from (-10,20) to (10,20). Click the left mouse button, then pr ess the left mouse button with the cursor er the oin and mo the mouse). The argumen size en try will read [20,0]. Mo the cursor to the la er palette, and osition it er the lab eled PDIF. (PDIF stands for DIF fusion). Press the ey to create path on the la er PDIF. In the sym olic editing sytle of VEM connections are default snapp to 90 angles. In order to mak the accurate ositioning of ertices simpler, the last ertex created in VEM remains mo able un til new ertex is created or the line is terminated. Mo the cursor to the source of the left hand Pmos transistor, at co ordinates (-14,20). Dra line from (-14,20) to (-20,20). With the cursor er the end of the line at (-20,20), pr ess the left mouse button and mo the cursor up ards to co ordinates (-20,30). This will con tin ue the line ou just created, but ertex will created. As ou mo the cursor up ards, mo it left and righ bit, and notice ho the ertex at mo es with the cursor. ele ase the left mouse button at (-20,30) With the cursor at co ordinates (-20,30), pr ess the left mouse button, mo the cursor to co ordinates (20,30), and ele ase the left mouse button. With the cursor at co ordinates (20,30), pr ess the left mouse button, mo the cursor to co ordinates (20,20), and ele ase the left mouse button. With the cursor at co ordinates (20,20), pr ess the left mouse button, mo the cursor to co ordinates (14,20), and ele ase the left mouse button. Mo the cursor to co ordinates (0,20), and press the ey to create path on PDIF connecting the sources of the Pmos transistors. 25 Note that instanc inheritanc can used with the cursor er an sample of the ob ject ou an to create. The arious palettes are just simple to get sample of arious useful ob jects on the screen to use for instance inheritance. eac ertex, VEM has automatically created terminal. or the next op eration, will need to able to see the Nmos transis- tors in the VEM graphics windo w, so press to execute the show-all command. VEM is ultiple windo application using the Windo System. This means can ha ultiple VEM graphics windo ws op en on design, or can ha di�eren designs in di�eren VEM graphics windo ws on the screen at the same time. VEM allo ws us to ork et een windo ws on the same design. Mo the cursor to co ordinates (-7,-9) and dra 14 16 (the argumen size en try in the title bar will read [14,16]). Press the ey to op en another VEM graphics windo w, and osition it on the screen so it is not co ering the the axis of the original VEM graphics windo w. ou should lea at least 20 on either side of the axis unco ered. (Co ering the edge of the original windo is OK. This is not VEM restriction, but if ou co er the axis, the next step will hard to do). Be sure to lea the la er palette windo unco ered. Mo the cursor to co ordinates (-4,15) and dra an 10 x. (If ou’v co ered the argumen size en try the other corner of the will at (4,25). Press the ey to op en third VEM graphics windo w, and osition it so it is not co ering the second VEM graphics windo w. Co ering the original VEM graphics windo is OK at this oin t, but if ou can oid it, do so. Be sure to lea the la er palette windo unco ered. Mo the cursor to co ordinates (0,-4) in the second VEM graphics windo w, and dra ertical line. The argumen size en try will [0,6], and the endp oin will at (0,2). Mo the cursor to the la er palette windo w, and osition it er the lo lab eled NDIF. (NDIF stands for DIF fusion). 26 Press the ey to create path on NDIF. ?? osition the cursor at co ordinates (0,2) in the second VEM graphics windo w. Click the left mouse button, and then pr ess it again to egin to dra line. Mo the mouse to co ordinates (0,20) in the third VEM graphics windo w, and ele ase the left mouse button. (The end of the line will cen tered er the PDIF path created earlier). Mo the mouse to the la er palette windo w, and osition it er the lab eled MET1. Press the ey to create path on �rst metal. (MET1 stands for MET al ). Notice the con tacts et een MET1 and NDIF in the second VEM graphics windo and et een MET1 and PDIF in the third VEM graphics windo ha een added automatically When newly created path terminates on an existing path ), VEM as- sumes ou an the paths connected, and adds the appropriate con tact, if ossible. When new path crosses an existing path (+), no connection is assumed. Close the third VEM graphics windo mo ving the cursor in to that windo and pressing to close it. Notice the metal connection app ears in the original VEM graphics windo also. Man other VEM commands also op erate et een windo ws. In the original VEM graphics windo w, mo the cursor to oin midw et een the Nmos transistors. Co ordinates (0,-11) will do nicely Click the left mouse button to create oin t. Mo the cursor to the second VEM graphics windo w, and press to pan the oin in the original VEM graphics windo to the middle of the second VEM graphics windo w. Mo the cursor do wn bit un til it is er the ottom Nmos transistor. (Co ordinates (0,-13) in the second VEM graphics windo w). 27 Beginning at co ordinates (0,-13), dra line up ards. This line should end at (0,-8). Mo the cursor to the la er palette windo w, and osition it er the NDIF x. Press to create path on NDIF in the graphics windo w. Once connect the gate terminals of the transistors, our NAND gate will electrically complete. Close the second VEM graphics windo mo ving the cursor to that windo and pressing to execute the close-window command. Mo the cursor to co ordinates (-3,-6) in the VEM graphics windo w, whic will put it er the gate of the top Nmos transistor. Dra -4 line. With the cursor at (-7,-6), pr ess the left mouse button and mo the cursor to co ordinates (-12,17). This is er the gate of the left hand Pmos transistor. Mo the cursor to co ordinates (12,17), and dra -32 line (32 do wn ard), then con tin ue the line with -9 segmen (9 to the left). The end of the second line will er the gate of the ottom Nmos transistor. Since the lines are not con tiguous, VEM will note that ou ha dra wn lines with segmen ts eac ec hoing: em lines(2) lines(2) in the VEM console windo w. Mo the cursor er the lab eled POL in the la er palette win- do w. Do not try to use instanc inheritanc by putting the cursor over the oly gate on the tr ansistor (Remem er that the transistors are ob jects, and instance inheritance creates cop of the ob ject under the cursor. If ou place the cursor er the gate of the transistor and in ok create VEM will try to create another instance of the transistor, not the POL gate.) Press to create paths on POL Y, connecting the transistors. Sa our ork to this oin pressing with the cursor in the VEM graphics windo w. 28 Lab eling erminals this oin t, the NAND gate is electrically complete, but should lab el some terminals for sim ulation. Mo the cursor to co ordinates (-20,30). This is er one of the ter- minals on the PDIF la er. ?? Do not cr ate oint! yp e: "Vdd" and press the ey to create the lab el for the terminal. The terminal at (-20,30) is kno wn as an actual terminal Before can use this sym olic cell as part of another cell, need to de�ne the legal connection oin ts. The connection oin ts are kno wn as formal terminals The text argumen to the create command indicated to VEM that an ted to create formal terminal. Only actual terminals of instances or connectors can used as implemen tations of formal terminals. Mo the cursor to co ordinates (0,-17), whic will put it er the source of the ottom Nmos transistor. Create formal terminal named \GND" yping: "GND" and pressing the ey Mo the cursor to (-12,-6) and yp e: "a" and press to create the formal terminal \a". Mo the cursor to (12,-15) and yp e: "b" and press to create the formal terminal \b". 29 Create new actual terminal mo ving the cursor to co ordinates (0,10), clicking the left mouse button to create oin t, and pressing the ey to create the terminal. Keep the cursor at (0,10) and yp e: "out" and press to create the formal terminal \out". 6.1 Adding Prop erties can add arious pr op erties to the NAND gate with the edit-property command. Mo the cursor to co ordinates (0,30) and in ok the select-net com- mand pressing Note that the en tire path on PDIF is selected, as are the source terminals of the Pmos transistors. Press to in ok the edit-property command. This will bring up dialog lab eled \Editing New Prop ert y". Mo the cursor to the dialog x, and osition it in the area next to the ord \Name". yp e: NETTYPE Keep the cursor in the dialog x, but mo it to the large next to the ord \V alue". yp e: SUPPLY Mak sure the prop ert yp (along the left edge of the dialog x) is \String". Mo the cursor er the along the ottom of the dialog mark ed \Sa e, and click the left mouse button. Mo the cursor to co ordinates (0,-17) and in ok the select-net command pressing This will select only the source of the ottom Nmos transistor. 30 Press to in ok the edit-property command. This will bring up dialog lab eled \Editing New Prop ert y". Mo the cursor to the dialog x, and osition it in the area next to the ord \Name". yp e: NETTYPE Keep the cursor in the dialog x, but mo it to the large next to the ord \V alue". yp e: GROUND Mak sure the prop ert yp (along the left edge of the dialog x) is \String". Mo the cursor er the along the ottom of the dialog mark ed \Sa e, and click the left mouse button. rapping up! Congratulations on the completion of the NAND gate la out. If ev erything en ell, our NAND gate should lo ok something lik �gure 13. 7.1 Key Bindings As ou ecome more familiar with VEM ou will �nd ey bindings an e�ectiv so sp eed up the la out pro cess. There is sp ecial command, bindings whic allo ws ou to determine some information, including the ey binding, for eac command. Click the middle mouse button to in ok the VEM main men u, lo cate the bindings command at the ottom of the System sub-pane. Click the left mouse button to select the bindings command. In the VEM console windo w, ou will see the command :bindings ec ho ed, follo ed the text: Specify command using single key, menu, or by type-in: 31 Figure 13: NAND gate sym olic la out 32 Figure 14: VEM bindings command ou will also notice that the VEM console windo prompt no reads: em bindings The next command ou en ter will not actually execute, but will describ ed the bindings command. Press the ey In the VEM console windo w, one line description of the command :open-window will app ear, along with the ey binding, and the sub- pane of the men the command app ears on. Figure 14 is sample of the VEM console windo after the bindings command has een executed. The notation \System:0" indicates it is the top item on the System sub-pane of the VEM main men u. After the command is describ ed, VEM returns to normal command en try 7.2 Closing VEM Before ou close VEM ou should sa our ork. With the cursor in the VEM graphics windo w, press to sa our ork. Mo the cursor to the VEM console windo and press to close VEM Closing the VEM console windo will close all of the other VEM windo ws, but �rst VEM will con�rm this op eration with another dialog x, sho wn in �gure 15 33 Figure 15: VEM exit arning Click the left mouse button er the lab eled \Y es" to con�rm the op eration. Sim ulation can use the MU lti Lev el im ul tor, usa to sim ulate the NAND gate and sure it is correct. will use terminal windo to run the sim ulator. rom the terminal windo w, yp e: musa nand:symbolic Musa will resp ond with ersion message, and the prompt: usa to indicate ou ha in ok ed the sim ulator. The set command is used to set signal (a formal terminal) to alue. Set \a" to yping, at the usa prompt, set The set can abbreviated \se". Set \b" to yping: se 34 do not need to set DD and GND, since usa recognizes the NETTYPE prop erties, SUPPL and GR OUND, that assigned earlier. If had not assigned these prop erties to an net, then ould need to set DD and GND explicitly as do all other inputs. Musa do es not actually run the sim ulation un til en ter the \ev al- uate" command. This allo ws us to set um er of inputs efore actually running sim ulation. Since oth inputs ha een set, can sim ulate the circuit. yp e: evaluate The show command is used to inform usa whic signals ould lik to see. yp e: show out Musa will resp ond with: a:O b:O out:1 Musa uses the letter \O" and the um er \0" to distinguish et een no des whic ha een set lo the user (letter \O") and no des whic ev aluate to lo alue (n um er \0"). The letter \I" and the um er \1" are used to indicate whether high alue has een set the user or is sim ulation result. can sa some yping setting \w atc list" in usa yp e: watch io out (The watch command can abbreviated wa ). Con tin ue the sim ula- tion yping the follo wing sequence of commands: se ev sh io In this case the show command (abbreviated sh ), as used with the name of the atc list (\io") as an argumen t. could ha ultiple atc lists. 35 Finish the sim ulation yping: se se ev sh io se ev sh io quit complete sim uation of the NAND gate is sho wn elo w. musa> set musa> se musa> evaluate musa> show out a:O b:O out:1 musa> watch io out musa> se musa> ev musa> sh io a:I b:O out:1 musa> se musa> se musa> ev musa> sh io a:O b:I out:1 musa> se musa> ev musa> sh io a:I b:I out:0 musa> quit Compacting the La out When created the la out for the NAND gate, did not pa particular atten tion to the la out rules or to trying to arriv at reasonably dense 36 la out. Sparcs is la out compaction to ol whic will minimize the area of the la out and satisfy the spacing rules. (If ou ha violated spacing rule, sparcs will actually increase the area of our circuit to satsify the rule). Man of the to ols in the CT suite can also executed from within VEM as an RPC application. (RPC stands for emote ro cedure all). Sparcs is one suc to ol whic has an \rp c" ersion, rp c-sparcs will use rp c- sparcs to compact the NAND gate so can see what the compactor is doing. Start VEM and op en graphics windo with the command: vem -G+0-0 -Fnand:symbolic -G+100+100 After while, oth the VEM console windo and the VEM graphics windo will app ear. Click the middle mouse button to in ok the VEM main men u, and mo the cursor to the Application sub-pane. Click the left mouse button er the en try sparcs ". ou will see message in the VEM console windo w: ~octtools/bin/rpc/rpc-sparcs running on host <hostname> After few more seconds, ou will see another message app ear in the VEM console windo w: sparcs version 1-10 (Aug 23, 1989) initialized. (The date and ersion ma di�eren t.) Rp applications often ha their wn men us, whic are in ok ed holding do wn the Shift ey while clicking the middle mouse button. Press the Shift ey and click the middle mouse button to in ok the rp c-sparcs men u. Mo the cursor er the arro to the righ of the options en try on the rp c-sparcs main men u. This wil in ok sub-pane. 37 On the options sub-pane of the rp c-sparcs men u, mo the cursor er the show-each-iteration en try (Y ou do not need to hold the Shift ey). Click the left mouse button. The command will ec ho in the VEM console windo w. (This option will cause the compacted la out to re-dra wn after eac iteration of the compactor. It is not really necessary to do this, but it is fun to atc h). While holding the Shift ey click the middle mouse button to in ok the rp c-sparcs men again. On the run sub-pane, click the left mouse button er the RUN com- mand. After few seconds, another VEM graphics windo wwill op en, with what app ears to cop of the NAND gate. (It is cop of the NAND gate). The title bar for this new windo indicates the name of the cell is nand:spaced In little while, ou will see the la out compacted, �rst in the horizon tal direction, then in the ertical direction. It ma tak more than one iteration to compact the la out. When rp c-sparcs can no longer decrease the area of the la out, the message: Converged will app ear in the VEM console windo w. With the cursor in the original VEM graphics windo w( nand:symbolic ), hold the Shift ey and click the middle mouse button. When the rp c- sparcs men app ears, mo the cursor to the run sub-pane and click the left mouse button er the exit-sparcs en try or the next section will need VEM so should not close the VEM console windo w. In order to eep the screen uncluttered, should close the VEM graphics windo ws. Mo the cursor to either of the VEM graphics windo ws, and press to close it. Mo the cursor to the remaining VEM graphics windo w, and press to close it. 38 10 Creating the In terface acet and Adding Prop- erties Before can instan tiate the NAND gate in another cell, will need to create the in terface facet. ulcan will create the in terface facet. rom the terminal windo w, en ter the command: vulcan -k nand:spaced should also add the \CELL TYPE" prop ert to the in terface facet. The alue of the prop ert should \MODULE". can use ctprop to do this. rom the terminal windo w, yp e: octprop -pCELLTYPE=MODULE nand:spaced:interface 11 Instan tiating One Cell in Another With the NAND gate complete, can instan tiate it in another cell as often as wish. rom the VEM console windo w, yp e: "ao1:symbolic"o Since the cell ao1:symbolic do es not exist, VEM will op en missing prop ert dialog x, The correct prop ert alues should e: ec hnology: scmos View yp e: SYMBOLIC Edit St yle: SYMBOLIC If the dialog is correct, click the left mouse button er the \OK" x. (Remem er, ou ma need to osition the VEM graphics windo and click the left mouse button to actually create the VEM graphics windo w). 39 will use instances of the compacted NAND gate to create circuit with the logic function: output in in 2) in whic will implemen ted using input NAND gates as: output in in in Mo the cursor to the newly created, blank VEM graphics windo w. osition it at co ordinates (0,0). Click the left mouse button to create oin t. yp e: "nand:spaced" and press to create an instance of the NAND gate. The NAND gate will probably not cen tered in the VEM graphics windo w. Press to execute the show-all command. With the cursor an ywhere er the NAND gate, press to select the gate. Notice that the en tire NAND gate is selected as single en tit The command line in the VEM console windo reads: em ob jects(1) Press to zoom-out The design will app ear smaller. Mo the cursor to co ordinates (-25,0) and click the left mouse but- ton to create oin t. Create another oin at (5,0) clicking the left mouse button at co ordinates (5,0). Execute the copy-objects command pressing (If ou prefer to use the men u, feel free to do so). Press again to �t ev erything inside the VEM graphics windo w. Press to unselect ev erything. 40 ha created instances of the NAND gate in our cell ao1. can connect them to form the new function. or the purp oses of this tutorial will eep the um er of op en windo ws to minim um, ev en though this ma not the most e�cien to pro ceed. Once ou are familiar with VEM ou should feel free to exp erimen to �nd st yle whic is comfortable for ou. In the VEM graphics windo w, create 15 eginning at (-3,12) and ending at (12,18). Press to zoom-in suc that the no ccupies the en tire VEM graphics windo w. Press top op en la er palette windo w. This is the only palette ou will need for this circuit. Dra an 11 line from (-1,15) to (10,15). Mo the cursor to the PDIF in the la er palette windo w, and press to create the path on PDIF. Do not try to use instanc inheritanc with the cursor over the PDIF aths in the VEM gr aphics window ). If ou try to use instance inheritance placing the cursor er one of the PDIF paths in the NAND gate, the results on’t quite what ou exp ect. When ou in ok the create command, VEM will try to create an instance of whatev er is under the cursor. Remem er when ou selected to NAND gate to cop it, the en tire NAND gate as selected, regardless of where (o er the gate) the cursor as. So, while it ma lo ok lik the cursor is er path on PDIF, it is really er an instance of NAND gate. Press (from the VEM graphics windo w) to restore the cen ter the full la out in the windo w. Mo the cursor to co ordinates -10,-17 and dra line extending do wn ard [0,-5] to co ordinates (-10,-22). Con tin ue the line (b pr essing the left mouse button) 30 to the righ [30,0]. The end will at (20,-22). Con tin ue the line up ard to co ordinates (20,-17). 41 Mo the cursor to the la er palette windo w, and osition it er the NDIF x. Press to create path on the NDIF la er in the VEM graphics windo w. Mo the cursor to (-10,0) and dra line 15 to the righ t, ending at (5,0). Mo the cursor to the MET1 in the la er palette windo w, and press to create path on st metal. Mo the cursor bac to (5,0), and dra line 10 do wn ards, to (5,-10). Con tin ue the line to the righ to co ordinates (14,-10). The new seg- men will long. Mo the cursor er the POL in the la er palette windo w, and press Dra 10 line eginning at (20,0) and ending at (30,0). Create path on st metal mo ving the cursor to the MET1 in the la er palette and presing Dra line from (-16,-10) extending to the left. Dra line from (-5,-15) extending to the righ t. Dra line from (25,-15) extending to the righ t. Create paths on POL mo ving the cursor er the POL in the palette windo and pressing 11.1 Lab el the I/O Mo the cursor to co ordinates (-21,-10) and yp e: "in1" and press to create the formal terminal named \in1". Mo the cursor to co ordinates (0,-15) and yp e: "in2" 42 and press to create the formal terminal named \in2". Mo the cursor to co ordinates (30,-15) and yp e: "in3" and press to create the formal terminal named \in3". Mo the cursor to co ordinates (30,0) and yp e: "output" and press to create the formal terminal named \output". e’re ready to sim ulate the cell, �rst should sa ou ork. With the cursor in the VEM graphics windo w, press to sa the cell. Mo the cursor to the VEM console windo and press to close VEM 12 Sim ulating the New Cell are no ready to sim ulate the new cell. Instead of en tering the sim ulation commands directly in to usa can create �le with the sim ulation commands. Using text editor, create �le ao1.sim with the follo wing con ten ts:: se in1 se in2 se in3 ev wa io in1 in2 in3 output sh io se in3 ev sh io 43 se in1 ev sh io se in2 ev sh io quit When the �le is complete, en ter the command: musa -i ao1.sim ao1:symbolic to sim ulate the circuit. 12.1 Prin ting the La out (Optional) If ou ha ostScript prin ter, ou can prin the NAND gate la out. ou will need to determine the name of the prin ter. With the cursor in the terminal windo w, en ter the command: oct2ps ao1:symbolic lpr -Ppostscript_printer where ou substitute the name of our ostScript prin ter in the lpr command. 13 Additional Reading There are sev eral do cumen ts whic ma of in terest to the VEM user. In general, users should read the \man page" for eac of the to ols in the tuto- rials. There are some additional do cumen ts whic ma also of in terest. Some of these do cumen ts are: Da vid S. Harrison. Customizing VEM Univ ersit of California, Berk eley 1988. ~octtools/document/PostScript/Vemcustom.ps.Z Da vid S. Harrison. VEM Manual Page Univ ersit of California, Berk eley 1988. ~octtools/man/man1/vem.1 44 Da vid S. Harrison, eter Mo ore, Ric L. Spic elmier, and A. Ric hard New- ton. Data management an Gr aphics Editing in the Berkeley Design Envi- onment Pro ceedings of ICCAD, pages 20{24, No em er 1986. Ric L. Spic elmier editor. Policy Guides for OCT ols Distribution 3.0 OCT ols Distribution 3.0. Univ ersit of California, Berk eley Marc h, 1989. ~octtools/document/PostScript/policy.ps.Z Ric L. Spic elmier. emote Pr dur Cal Package Univ ersit of Califor- nia, Berk eley 1986. ~octtools/document/PostScript/rpc.ps.Z 45