
A Layout Estimation Algorithm for RTL DatapathsyMehrdad Nourani and Christos PapachristouDepartment of Computer EngineeringCase Western Reserve UniversityCleveland, OH 44106 USAAbstract| This paper presents a fast and e�cientalgorithm to estimate the area cost of a given RTLdatapath. This is achieved by considering the phys-ical length of components (provided by a componentlibrary) and connections data (given by the datapathdescription) within an actual layout model and usinganalytical formulas in a constructive algorithm. Ourlayout estimator uses a non-probabilistic basis to esti-mate the overall cost of a datapath structure. It canestimate the overall layout with emphasis on area min-imization, or can be adapted to delay minimizationde-pending on the user request. Layout area is estimatedfor Standard-Cell and Full-custom layout methodolo-gies at the RT level.I. INTRODUCTIONA. MotivationHigh level synthesis has emerged as an important dis-cipline for designing register-transfer level (RTL) circuitsfrom behavioral speci�cations. There are two importantprocesses in high level synthesis: operation scheduling andresource allocation. The overall synthesis goal is to pro-duce an RTL circuit, i.e. datapath and controller satisfy-ing the behavior and subject to design constraints. Theactual circuit layout can be generated from the datapathusing a silicon compiler.The question of constraints is crucial for the ultimatesuccess of high level synthesis. Scheduling and allocationare both NP-complete problems. There are several goodscheduling and allocation methods which handle technol-ogy independent constraints very well, i.e. optimize data-paths with respect to the number of ALUs, registers andmultiplexers. However, these optimizations may not sat-isfy constraints at the actual chip layout level. To addressthis de�ciency, recent synthesis techniques try to optimizewith respect to the area rather than the number of dat-apath components, using library-based component cost[1][2]. Although these designs are more realistic, they arenon-optimal because they are usually based on heuristics.More importantly, these techniques still do not considerplacement and routing of components which signi�cantlya�ect the overall chip area. There are some attempts toalleviate this problem during the RTL design process us-ing stochastic layout models, however, the accuracy ofthese models is not known [3][4][5].In this work we propose a fast layout estimation pro-cess which is a bridge between high and low level in thedesign process. The estimator can be iteratively invokedin higher levels (e.g. scheduling and allocation) to pro-vide some guides which �nally improve RTL datapath andits overall layout cost. The motivation for this approachyThis work was partially supported by the Semiconductor Re-search Corporation (SRC) under contract No. 92-DJ-147.

is twofold. First, because of the non-optimal nature ofthe synthesis process, implementing a fast and reasonablyaccurate predictor (for area or time) creates a strongerguiding mechanism to search the design space and conse-quently improve our decisions in the design process. Sec-ond, a layout estimator based on a realistic datapath lay-out model can quickly estimate the complete layout cost(the components and routing cost) in the course of designmodi�cations. It should be noted that in this work we donot consider the controller area.B. Related WorksThe layout estimation algorithms aim at developingtools to facilitate and guide the circuit design task byproviding means for the designers to a priori evaluate the�nal chip layout of the circuit. Such tools are necessarydue to the lengthy and time consuming nature of the de-sign tasks, such as placement, 
oor planning and layoutsynthesis [6][7][8], and would signi�cantly contribute toshortening the design turn around time. Furthermore, alayout estimator is needed to automatically estimate re-alistic module aspect ratio for 
oor planning in order toreduce not only the overall design cost, but also the de-signer's e�ort to complete an actual chip layout. Theexisting estimation approaches can be classi�ed into twobroad categories: constructive and analytical [3] [4].In constructive methods, the design description is re-peatedly partitioned using a slicing tree. Some of thegeneric partitioning algorithms have been described in [9].The slicing tree represents the connections between dif-ferent partitions. The process recursively proceeds to theleaves of this tree which represent the cells of a given li-brary. Then, the cells are combined up to the root levelto generate the complete chip. Constructive methods areslow but more accurate than analytical models [3][10].In analytical methods, the major e�ort is to estimatethe wiring space and the relative position of the cellsusing some analytical formulas. Almost all the wiringmodels proposed so far are stochastic in nature. Non-deterministic methods are more attractive because theempirical relations existing in well-placed designs validatethe probabilistic models for wire distribution [11]. Fur-thermore, dealing with a distribution function to estimaterouting area is much easier than considering all point-to-point wires. The drawback, however, is restriction ofdesign space and less accurate results. Work presentedin [12] uses a mixed analytical-constructive model. Ananalytical model predicts the cost of leaf subcircuits andthen a constructive model computes the cost of the entirelayout design by traversing the slicing tree bottom up.C. Problem Description and Paper OrganizationGiven an RTL description, i.e. datapath description,how can we estimate the dimension of the physical layout



of that circuit on a chip without actually performing thelayout task? An estimator which is accurate to within10% of the actual area produced by a commercial siliconcompiler is considered very good.Section II reviews our layout model. In section III,we present the estimation algorithm by means of a smallsize example chosen from the literature. Section IV ex-tends the algorithm to include full-custom (non-standard)cell and time consideration. The experimental results areshown in section V. Finally, concluding remarks are insection VI.II. ESTIMATION LEVEL AND LAYOUT MODELThe informationabout components and connectivities maybe constructed in di�erent level of design hierarchy, suchas RT level, logic block level or even gate level. RT level isour preferred level to apply the estimation process sincethe components in this level (such as ALUs, multiplex-ers and registers) are very well-known and accessible inmost libraries. Also, the number of components which wemust connect is relatively small and so the overall processwill be faster. To clarify this, consider the datapath ofthe second order di�erential equation solver (HAL) [13]shown in Fig. 1. If we have the ALUs, multiplexers andregisters in the library, the estimator considers 22 com-ponents (4 ALUs, 7 MUXs and 11 REGs) in all. At thelogic block level, we should distinguish other subcells forALUs, MUXs and REGs. For example, a 2 � 1 multi-plexer is a combination of two AND gates, one OR gatesand an inverter. This increases the number of componentsdrastically and the estimation process would be slower.To make the process even faster, the user may de�neanother level for layout estimation based on the regularityof the RTL structure observed. For example, in the data-path of Fig. 1, the user may bene�t from the regularity ofthe given datapath by de�ning a combination of an ALU,two input multiplexers and the output registers as a mod-ule M i. We have speci�ed these modules, M1; � � � ;M4,by dashed lines in Fig. 1. Using the new modules, theestimator considers only 11 components (4 de�ned mod-ules and 7 registers). However, the user should introducethe new cells, M1; � � � ;M4, into the library. Fortunately,in our regular datapath, because of the unique connec-tion between MUX-ALU and ALU-REG, each module(M i; 1 � i � 4) can be trivially constructed from com-ponents in the conventional libraries. However, our esti-mator is not restricted to these modules only.A typical cell in the library is shown in Fig. 2. Thefollowing are the assumptions and characteristics of thatmodel:� All cells have the same height hc. This implies thatwe have only standard cells, but later we will relaxthis assumption to generalize our method to any ar-bitrary size cell.� Cells are arranged in rows of roughly equal size basedon the aspect ratio requested by the user.� Two-layer HV (Horizontal-Vertical) routing model isconsidered for computing the wire lengths. The an-alytical formulas estimating wire lengths should bemodi�ed for more general routing models.� All pieces of information shown in Fig. 2 should beprovided prior to invoking the estimator. W and Hare the total width and total height of the cell, re-spectively. ha and hb represent the routing channel

above and below the cell. Assume a �xed orienta-tion for the cell and consider that the left bottomcorner is located at the origin of a Cartesian system.Since dealing with input and output coordinates ofall points is di�cult, we use one coordinate for inputand output points, denoted by Pin and Pout, respec-tively.Assume I1; I2; � � � ; Ir and O1; O2; � � � ; Os represent x-coordinates of input and output points of the cell.We locate Pin and Pout such that over and underestimations for wire lengths cancel each other:Pin = 1=r �Pri=1 Ii and Pout = 1=s �Psi=1Oi.III. LAYOUT ESTIMATION PROCESSWe will explain the di�erent steps by using a simple dat-apath which is actually a part of HAL benchmark [13].Fig. 1(a) shows this datapath, but as we said earlier weconsider a part of it for simplicity. We assume that thedatapath consists of four module M1, M2,M3 and M4.As mentioned earlier, each module corresponds to thecombination of an ALU and its two multiplexers speci�edby dashed lines in the �gure. Fig. 1(b) provides corre-sponding schedule and interconnect details. For example,in control step 2, M2 and M3 send two signals, mul1 andmul0, respectively, to M4 through di�erent wires. M4sends mul2 and mul4 through di�erent wires to M1 andM2, respectively.After reading the datapath and the library cells, the es-timation algorithm performs two phases. Phase 1 placesall modules in one row and Phase 2 folds the one row toobtain a multi row design to satisfy an aspect ratio. Thesetwo phases can be seen in most of the classical placementor estimation methods such as [3][5]. However, our esti-mator is di�erent in three aspects. First, we do not useany probabilistic method to estimate the wire lengths. In-stead, based on the information about input/output portsof a cell (provided by cell library), we estimate them bya more realistic process. Second, by using a 
exible lay-out model for components, we do not need to considerfeedthroughs (splitting cells to route wires to cells whichare more than one row apart), and thus less computationsand faster runtime. Third, we can perform layout estima-tion by considering area minimization (i.e. area-driven)or delay minimization (time-driven) with the same model.This is important in real experiments to predict the re-sults based on designer's choice.A. Phase 1In this phase a one-row design is constructed in thefollowing �ve steps:� Step 1: Construct the connection matrix.cij = ( Number of wires� through which if i 6= jM i sends signals to M j0 if i = jcii = 0 shows that we are assuming that intra-moduleconnections do not impose any area overhead to thedesign layout since they can be routed over the cellusing di�erent layers of metal. For our example thematrix is: C = 0B@ 0 1 0 00 0 0 11 0 0 11 1 0 0 1CA



TABLE ICONNECTIVITY FACTORS FOR THE RUNNING EXAMPLEModule i Si Ri f iM1 1 2 3M2 1 2 3M3 2 0 2M4 2 2 4� Step 2: Select two heavily connected modules.Let us assume there are n modules (n = 4 in ourexample) in the datapath. Si = Pnj=1 cij shows thenumber of wires through which moduleM i sends sig-nals to all other modules in the datapath. Similarly,Ri = Pnj=1 cji shows the number of wires throughwhich moduleM i receives signals from all other mod-ules in the datapath.We de�ne the connectivity factor as follows:f i = Si + Ri = nXj=1(cij + cji)The connectivity factors in our example are tabulatedin Table I.The module with the largest connectivity factor is de-�ned as the �rst heavily connected module (FHCM).Intuitively speaking, a module which has the largestnumber of wires to send (receive) signals to (from) allother modules is the �rst heavily connected module.Formally:M i� is FHCM , f i� = 1�i�nMAX ff igIn our example M4 with connectivity factor f4 = 4is FHCM.The second heavily connected module (SHCM) is de-�ned as a module which has the most connectionswith respect to FHCM. It is not hard to see thatSHCM can be obtained from the following relation:M j� is SHCM , ti�j� =1�j�nMAX fti�jgwhere tij = cij + cji. So, j� = 2 since t42 is thelargest element in the fourth row. This means thatM2 is SHCM in our example.� Step 3: Choose a con�guration for the selected mod-ules.Considering the possible orientations and permuta-tions, we have eight (23) possible con�gurations tomake a new module of two cells. Four of these eightcon�gurations are mirror images of the rest with re-spect to the vertical axis and need not to be consid-ered since the results are identical. Fig. 4 shows thetwo orientations for a module while Fig. 3 shows thefour non-identical con�gurations. The following fourrelations compute the total wire length of all connec-tions between the two selected modules for the fourcon�gurations, respectively:Lij1 = cij(W i + P jin � P iout) + cji(W i + P jout � P iin)�These are really bus-type wires at RTL design. For example, inan 8-bit design each wire is an 8-bit width bus.

Lij2 = cij(W i + Qjin � P iout) + cji(W i + Qjout � P iin)Lij3 = cij(W j + P iout � P jin) + cji(W j + P iin � P jout)Lij4 = cij(W j + P iout � Qjin) + cji(W j + P iin �Qjout)where Qjin = W j � P jin and Qjout = W j � P jout. Wechoose the con�guration k� such that:Lijk� =1�k�4MIN fLijk g� Step 4: Make a composed module.After determining the best con�guration, we now con-struct a new module consisting of the two selectedmodules. The new module corresponds to a com-posed cell in the library of the same type. We mustalso compute the required information about it. LetM i and M j be two selected modules and M i[j bethe new composed cell (Fig. 5). We can extract thenecessary information as follows:{ hi[ja = hi[jt +MAXfhia; hjag{ hi[jb = MAXfhib; hjbg{ Hi[j = hc + hi[ja + hi[jb{ W i[j = W i +W jwhere hi[jt is the channel height for passing the con-nections between M i and M j. We saw that tij =cij + cji shows the number of tracks in this channel.We need two layout technology-dependent factors:minimum thickness of tracks and minimum distancebetween tracks, denoted by a and d, respectively. So,we have: hi[jt = tij(a + d). P i[jin and P i[jout are alsocomputed based on P iin, P jin, P iout and P jout in a sim-ilar way that we computed P iin or P iout in section II.� Step 5: Update the connection matrix.We replace M i[j into M i and M j and update con-nectivities by manipulating rows and columns of Ccorresponding to the selected modules. To updatethe connectivity matrixCold, we �rst add the ith andjth columns of Cold to �nd total connections requiredfor incoming signals from all modules to M i[j (ma-trix C 0). Then we add the ith and jth rows to �ndsimilar numbers for outgoing signals to be sent fromM i[j to other modules (matrix C 00). Finally, we setthe diagonal element corresponding to the new mod-ule to zero since the connections of a module to itselfhave been already considered during the compositionof M i[j (matrix Cnew). In our example:Cold = 0@ 0 1 0 00 0 0 11 0 0 11 1 0 0 1A) C 0 = 0@ 0 0 10 0 11 0 11 0 1 1A)C 00 =  0 0 11 0 11 0 2 ! ) Cnew =  0 0 11 0 11 0 0 !In this example, the third column in C 0 (correspond-ing to M i[j) is the summation of the second andfourth column of C (corresponding to the selectedmodules M2 and M4). Similarly, the third row inC00 is the summation of the second and fourth row ofC0. Finally, matrix Cnew is matrix C 00 in which theelement corresponding to M i[j is set to zero.



If C is 1 � 1 matrix (meaning all modules have beenmerged and one row design has been constructed) go toPhase 2, otherwise return to step 2.At the end of the �rst phase, we have the placement ofmodules, their orientations and the total width (W1) andtotal height (H1) of the one row design. Fig. 7(a) showsthe one-row result for our example. Note that for brevitywe did not show the estimator decisions in each step.B. Phase 2The estimator folds the one row design to obtain a 2-dimensional practical size layout. Fig. 7(b) shows the de-sign after folding. The area shaded by dashed lines in this�gure shows the overhead caused by breaking the one rowdesign. W �, H� and N� are total height, width and thenumber of rows of the multi row design after folding, re-spectively. Assuming d � W � we have three relationsbetween the one row design and the multi row design:( H�W � = H1W1H�W� = ArH� = N�H1where Ar is the given aspect ratio. Phase 2 proceeds inthe following three steps:� Step 1: Compute the ideal folding parameters.By solving the above equations for H�, W � and N�we have: 8>><>>: H� = pH1W1ArW � =qH1W1ArN� = dqW1ArH1 eSet x = 0 and i = 0. x is a variable showing theincremental length of one row design folded. When xexceeds W1 we stop the folding process. i is a variableshowing the total number of rows created by folding.� Step 2: Construct a row after folding.{ Compute next iteration i = i + 1 and constructrow[i] as the portion between x and x +W � inthe one row design.{ We need to compute the interconnection costoverhead after breaking the one row design. Thisoverhead is proportional to the number of bro-ken tracks in the routing channel above the mod-ules. This number, denoted by Nb, depends onthe orientation and and the relative position of amodule in the constructed one row design. Fig. 6shows the position of M i among other modulesin the one row design. Assuming that x showsthe left coordinate of M i (a typical module) inthe one row design, we distinguish three regions,such that in each region Nb remains the same.Let Sleft and Sright be the set of modules in leftand right hand side of M i in the one row design,respectively. Table II shows the number of tracksto be broken depending on the region at whichbreaking occurs. The interconnection area over-head after this breaking is proportional to theincrease of row width by Nb(a + d). Recall thata and d are two layout technology-dependent fac-tors: minimum thickness of tracks and minimumdistance between tracks, respectively. Other pa-rameters in this table are:

TABLE IICOMPUTING Nb FOR THREE REGIONS ABOVE MODULE M iRegions Range NbRegion 1 w 2 [x;x+ P iin ] n1 + n3 + n5 + n6Region 2 w 2 [x+ P iin; x+ P iout] n2 + n3 + n5 + n6Region 3 w 2 [x+ P iout ; x+W i ] n2 + n4 + n5 + n6n1 =Pnl=1 cli where M l 2 Sleft, n2 = Ri�n1,n3 =Pnl=1 cil where M l 2 Sright, n4 = Si�n3,n5 =Pl2Sleft (Pr2Sright clr) andn6 =Pl2Sright(Pr2Sleft crl).{ Find the height and width of this row denotedby row[i]:height and row[i]:width.{ Compute x = x+W �. If x < W1, repeat step 2otherwise go to step 3.� Step 3: Compute the �nal dimensions of the design.After breaking the one row design into equal sizerows, we can compute number of rows, height andwidth of 2-dimensional layout as follows:8><>: N2 = iH2 =PN2j=1 row[i]:height+ (N2 � 1) � dW2 =1�j�N2MAX frow[j]:widthgC. AlgorithmThe summarized estimator algorithm in pseudocode,and its running time analysis are presented below.01: MakeOneRowDesign()02: f03: ReadLibraryCell();04: ReadDataPath();05: size=number of modules in datapath;06: ConstructConnectionMatrix();07: while (size > 1)08: f09: SelectTwoHeavilyConnectedModules();10: SelectTwoOrientations();11: MakeComposedModule();12: UpdateConnectionMatrix();13: size = size� 1;14: g15: H1=height of one row design;16: W1=width of one row design;17: g18: FoldOneRowDesign()19: f20: ComputeIdealFolding(H�;W �; N�);21: x = 0:022: i = 0;23: while (x < W1)24: f25: i=i+1;26: FindModuleToBreakAt(x+W �);27: ConstructRow(i);28: x=x+row[i].original width;29: g30: N2 = i;31: H2 =PN2j=1 row[i]:height+ (N2 � 1) � d;32: W2 =1�j�N2MAX frow[j]:widthg;33: g



The outer while loop in the �rst phase (making one rowdesign) repeats exactly n � 1 times where n is the totalnumber of modules in the datapath. All functions in thebody of this while loop are executed at most in O(n) sincein the worst case we need to check all n modules to selecttwo of them or to make the composed module. Thus, therunning time of this phase is O(n2).Phase 2 (folding) runs in O(N�) = O(dqW1ArH1 e) sincethe while loop is repeated approximately N� times. Allfactors W1, H1 and Ar are constants and all functions inthe body of the loop use analytical formula with no selec-tion, sorting and so on. So, we conclude that this time isO(c), a constant time. Hence, the overall running time isO(n2). The estimator is fast enough to be e�ectively usedwithin the datapath design process.IV. EXTENSIONSIn this section, we address two practical applications tothe synthesis problem: considering the non-standard cellsand estimation with emphasising on delay optimizationinstead of area optimization. The �rst one is importantsince a designer usually uses some non-standard cells in-cluded in the library. The second one gives the designerthe ability to estimate the layout when searching for a fastdesign.A. Full-Custom CellsDesigners usually use a library containing some hand-made cells with multi-row con�guration. In this section,we address how the estimation algorithm considers thenon-standard cells. We assume that each row of a non-standard cell consists of a combination of standard cells.Depending on the nature of a non-standard cell, we havetwo ways to handle it:� Unfolding: If the size of the non-standard cell is notvery large and the connections between rows are notvery complex, the user can easily unfold it and makean arti�cial unfolded standard cell, compute the in-formation about the unfolded cell and run the esti-mator.� Row Isolation: If the size of the non-standard cellis large, or there are complex connections betweendi�erent rows, unfolding imposes a very rough es-timation of that cell since fast computation of thenecessary information about the unfolded cell (e.g.Pin, Pout, ha, hb and so on) degrades accuracy. Toget a more accurate result, we isolate each row (ina non-standard cell) from each other and considereach row as a new dummy standard cell. The user,then, provides the necessary information about thenew dummy cells which is basically the height andwidth of each row and the number of connectionsamong them. The drawback, however, is a slowerprocess since the number of modules will be increasedby the number of rows in that non-standard cell.B. Estimation With Emphasis on Delay MinimizationWhen we described our estimator, we pointed out thatwe estimate the layout by emphasising area minimization.In that process, we try to �nd the best orientations andrelative positions to save area. However, one of the ad-vantages of our layout estimator over the existing ones

is its ability to estimate the layout while considering theoverall delay of the datapath.The existing tradeo� between time and area preventsthe estimator from considering both issues simultaneously,however, the estimation algorithm can be adapted to con-sider the overall delay of datapath as another option. Todo this, note that in a synchronous digital design, exe-cution time of components, usually expressed by num-ber of control steps (clock cycles), determine the lowerbound on clock period. Thus, we are concerned with fastdesigns (fast clock period) and consequently with inter-connection delay optimization. To incorporate intercon-nect delay within our estimation algorithm, we choose twomodules whose connections create the largest delay in thedatapath (instead of two heavily connected modules asbefore) and then apply the same placement process. Firstand second heavily activated modules, denoted by FHAMand SHAM can be determined using another matrix calledthe activity matrix (A) (similar to C) de�ned as follows:aij = ( Number of times that M i !M j if i 6= jpath is activated0 if i = jAgain, we de�ne aii = 0 since we assume that the intra-connection delay within moduleM i is negligible comparedto the inter-connection delay. The connectivity factor isnow de�ned as:f i = Si +Ri = nXj=1 aij + nXj=1 aji = nXj=1(aij + aji)Considering the datapath description of the example ofFig. 1(a), the activity matrix is:A = 0B@ 0 2 0 00 0 0 11 0 0 21 1 0 0 1CAFor example, as Fig. 1 shows, M1 sends two values (add0and sub0) toM2 meaning the pathM1 !M2 is activatedtwice or a12 = 2. Similarly, a21 = 0 since M2 does notsend any data (signal ) to M1. The largest aij + aji inthis matrix shows the modules and the path for whichactivation in two directions creates the largest delay ineach step of estimation. Formally,M i� is FHAM , f i� = 1�i�nMAX ff igM j� is SHAM , ti�j� =1�j�nMAX fti�jgwhere tij = aij + aji. Matrix A will be updated in a waysimilar to that described for C. Basically, we use the sameprocess when we consider delay minimization. The onlydi�erence is that matrix A (instead of C) decides for theselection of two modules in one row construction.V. EXPERIMENTAL RESULTSThe estimation algorithm described in the previous sec-tions has been implemented in C on a SUN SPARC-IPCworkstation. The layout estimation results for di�erentexperiments are tabulated in Table III and IV . The CPUtime is less than 0.5 seconds for these examples. The



TABLE IIILAYOUT ESTIMATION OF THREE FUNCTIONAL UNITS (AT LOGICBLOCK LEVEL)Ex. # of Actual Estimated Relative# Trans. Height Width Height Width Error %1 521 711 640 733 667 +7:4%2 2097 1791 1368 1875 1462 +11:9%3 220 646 534 1068 308 �4:6%wall clock time is about 3 seconds. All physical dimen-sions are expressed in terms of �y based on the SCMOSstandard cell library within the Berkeley OCTTOOLS 5.1[14]. Note that we have described all examples in BDS(hardware design language in OCTTOOLS). Then, OCT-TOOLS, as a silicon compiler, generated the layout auto-matically. OCTTOOLS needs from a few minutes (forDesign 1) up to 8 hours (for Design 7) to generate thecomplete layout.Table III consists of three examples for which the esti-mator predicts overall cost at the logic block level. Themajor primitive cells in the library for these examples areInverter, AND, OR, XOR and Full Adder. Design 1 andDesign 2 are 4-bit and 8-bit multipliers, respectively. De-sign 3 is a 4-bit ALU capable of performing addition, sub-traction and logic operations. In the last column, we com-puted the di�erence between estimated values and actualdesign values.Table IV shows the result of the datapath estimation atthe RT level for four benchmarks widely used by authorsin high level synthesis. Design 4 is the HAL[13] alreadyused to describe our algorithm. Design 5 is a Band-pass�lter chosen from [15]. Design 6 is AR recursive digital�lter borrowed from [16]. Finally, Design 7 is Fifth orderwave digital elliptical �lter from [17] chosen as a bench-mark for the 1988 High-Level Synthesis Workshop. Thesecond column shows the number of components (ALUs,MUXes and REGs) in datapaths of these examples.Due to the unsu�cient information about the layoutcost reported in the literature, we are not able to com-pare our results against other datapath estimators or theactual designs. Note also that we assume the word widthof these examples is 4, meaning all components in the li-brary are designed to handle four-bit data as their inputsor outputs. The library for these examples consists of 4-bit ALUs such as multiplier or adder, di�erent multiplex-ers and register. We ran the estimator requesting Ar = 1.However, achieving the exact value for Ar is not usuallypossible due to the fact that the interconnect area over-head produced by the folding phase depends on the coor-dinates of breaking points which is not predictable prior tofolding. The estimator reports 41%-79% routing+emptyarea for these datapaths. In all cases the relative error(Estimated�ActualActual ) of estimated results are within 12% ofthe actual area produced by OCTTOOLS.VI. CONCLUSIONA fast layout estimation algorithm has been presented tobe invoked iteratively in the di�erent levels of the designprocess. To achieve this, we used non-probabilistic ana-lytical formulas in a constructive algorithm. Our estima-y� is a VLSI manufacturing technology scale factor. For example,in the Berkeley CAD tool (OCTTOOLS) the cell libraries can bescaled from 3.0 to 1.2 micron CMOS technologies.
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