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A VLSI Architecture of Systolic Array for FFT Computation

(5 sre]o] W3k odAkE VLSI A2 &2 ofao] o}7]el &)
¥OB OmrE W orE o
(Kyung Wook Shin, Byeong Yoon Choi and Moon Key Lee)
2 8
A Hola vk Al VLSI +&% 2 fast Fourier transform (FFT) 214H% 2 31y A| A& 2 o]

& o] (systolic array) °}7]®l & &
Aokl AlAk 2l o]yole dlolel wiod sl wlE wiE Zebo| ol4bglz, Aolslr &
3 A 2|84 (processing element) £2] 22k wiedoled,
AA A FFT oAbt 4-2 dlele} g]&# s}o]z g}l

22 AA »}g g}q

2| v, “1“’4"‘]

“151 ‘“4°|

4 A&kt

27 T4 F
Do Agzl sbabe] rhgsie}
, dlole} A& aglm \HE%EE} |
Hele 4 7he] dlolg} o2 aieg_,d glo] = g}el, BA E9]
A EB o] o]Foflel, B ERIME JEe uMaa}ol od Abcy
ol <4tk o At odalslg o) whdl dlolel MEFY  Azke
Helg 4o oAl Ao (PE Activity) o 71& wkAlel 509 o4 100
vl E2fo] odAb HE 3um, CMOS Ao g Aztalgdon], 20MHz ZaHg
wf wbEe e Eafo] odAbr|zhe 500n501u1, 102470 9] FE Ao gl AAl FFToAM] 7he
128 A 7+e Z3sie) 16.6uSo]c)
gl Ao

Aelatz olfoln g

=
’LT-;

N
N
—-—

O

)
_E_
=

AJ L}E:

=

;= ru}o nqo —l}
»
o 2
T‘)_
[o
3

N 2

& 2um, ol 8%, CMOS 3oz glola] 7hgFol AUt

Abstract

A two-dimensional systolic array for fast Fourier transform, which has a regular and recursive
VLSI architecture is presented. The array is constructed with identical processing elements;(PE)in
mesh type, and due to its modularity, it can be expanded to an arbitrary size. A processing element
consists of two data routing units, a butterfly arithmetic unit and a simple control unit.

The array computes FFT through three procedures; I/O pipelining, data shuffling and butterfly
arithmetic. By utilizing parallelism, pipelining and local communication geometry during data
movement, the two-dimensional systolic array eliminates global and irregular commutation
problems, which have been a limiting factor in VLSI implementation of FFT processor. The
systolic array executes a half butterfly arithmetic based on a distributed arithmetic that can carry
out multiplication with only adders. Also, the systolic array provides 100% PE activity, i.e., none of
the PEs are idle at any time.

A chip for half butterfly arithmetic, which consists of two BLC adders and registers, has been
fabricated using a 3-um single metal P-well CMOS technology. With the half butterfly arithmetic
execution time of about 500 ns which has been obtained by critical path delay simulation, total
FFT execution time for 1024 points is estimated about 16.6 us at clock frequency of 20MHz. A
one-PE chip expansible to any size of array is being fabricated using a 2-um, double metal,
P-well CMOS process. The chip was layouted using standard cell library and macrocell of BLC
adder with the aid of auto-routing software. It consists of around 6000 transistors and 68 I/O pads
on 3.4 x 2.8mm? area. A built-in self-testing cirucit, BILBO (Built-In Logic Block Observation),
was employed at the expense of 3% hardware overhead.
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1. Introduction

The VLSI implementations of FFT processors
lead to long interconnection wires because of an
inherent requirement for global communications
in the FFT tree diagram, that consume large area
and power. A concept of good algorithm is the
most crucial factor in the design of complex VLSI
chips, because the underlying algorithm deter-
mines the degree of concurrency and pipelining
which eventually determines the performance of
the chip [1]. Furthermore, algorithms with
regular and local communication would have
smaller chip area in comparison to algorithms with
irregular, global communications. Besides, the
amount of time spent not only on designing and
debugging the chip, but also expanding the design,
if required, can be reduced substantially. Many
VLSI implementation approaches for FFT pro-
cessors are available according to the desired
degrees of parallelism and pipelining [2-9}]. To
circumvent the global communication problem,
a systolic elevator concept was proposed by
[10], but it is unfavorable because of a long per-
mutation time. Another approach proposed by
[11] is to permutate data on a two dimensional
array. But, it’s a major limitation that it requires
both data ordering and reordering operations
between FFT processos, and only a half of the
processing elements (PE) is active on a butterfly
computation, i.e., it provides only 50% of PE
activity.

This paper presents a VLSI architecture for
FFT computation that has the following
properties,

regular and recursive hardware structure, i.e.,
array structure

local communication geometry during data
movement

parallel, pipelined data
butterfly arithmetic
expansible to any size FFT with simple
change

simple control flow

none of the PEs in the array are idel at any
time, i.e., 100% PE activity

shuffling and

By mapping the one-dimensional data stream onto
the two dimensional systolic array, inter-process
data shuffling operations can be carried out not
only in a simple and systematic pattern, but also

in a parallel, pipelined fashion. Also, by adopting
half butterfly arithmetics (HBA) [12,13], data
reshuffling operations that were indispensible in
[5,7,11], is not needed for the proposed architec-
ture. This HBA concept makes all of the PEs are
active at all time, i.e., 100% the PE activity.

. Fast Fourier Transform on a.2-Dimensional
Systolic Array

N points, radix-2, decimation in time FFT is
defined as, [14]

Fg(K)=Fg; (K)+Fg (K+N/29-WP  (1a)

Foq (K¥N2D =F_ 4 (K)-F ) (K+N/29-WP (1 b)

where WP= exp (j27p/N) is the Twiddle factor,
p is determined from the time index, q is the
process number, and F,(K) denotes initial input
data.

Instead of computing the conventional
butterfly arithmetic of eq.(1) simultaneously in
a PE, by executing each of eq. (l-a) and eq.
(1-b) separately on different PEs, data reshuffling
operations are not needed for the proposed
architecture. This makes also the PE activity to be
increased to 100% which is two fold improvement
compared with conventional butterfly arithmetic.

The FFT computation on the two-dimensional
systolic array is ‘carried out through three
procedures; I/O pipeline, data shuffling and HBA
operation. After initial input data are loaded into
the array, data shuffling and HBA operations are
carried out in a parallel and pipelined manner.
During inter-process data shuffling operation,
data in each PE are moved to their destination PE
with nearest-neighbor communication geometry.
After the data shuffling operation has been com-
pleted, each PE computes HBA independently.
Immediately after the whole FFT computation
through entire processes has been completed, I/O
pipeline procedure is performed, i.e., the output of
the result and the input of new data are pipelined.

1. Data Shuffling

The FFT tree diagram, which is shown in Fig. (1)

(1116)
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for N=16, can be derived directly from eq.(1). 1at 2 nd 3rd 4 th

As we can see in eq.(1) and Fig.(1), the data pair Process Process Process Process
Fg1 (K) and F__; (K+N/2%) should be shuffled N 0P R BB Re
between process gq-1 and process q with their LASE FeCl)
shuffling distance of N/24, ::5: 2:3:

To do this data shuffling operation efficiently, ::;:\ RGN EN S o
the one dimensional data stream {F qlgk)} are R X (7 N ~T==
fnapped or‘lto a two-dn.nensmna.l systo fn an'ai :::; X < At :::;
in row major order, which consists of 27 x 2 o - fa C10>
PEs forN = 2™*1 points FFT as shown in Fig.(2). pepieid B
The mapping relationship between data {Fq (k)} R R
and processing element P (r,c) can be expressed R (13> Fe (19D
o Fig.1. FFT tree diagram for N=16.

P (r,c) « Fy(k) @)

k=2"(r-1) + (c-1)

2ﬂ
where, 1= 1,2,3,.... 2™
- n —e —
c=1,2,3,..2 P(1.1) — P(1,2) oo P(12,")

where, r and ¢ are the row and column indices of T

an array of PEs, respectively. For N=16, the JL I

systolic array is composed of 4x4 PEs, and its P(2,1 )HP(Z,Z)_* o
data mapping is depicted in Fig.(3). —

To perform the data shuffling operation on the 2m o ° °
systolic array, data in each PE move to their o ° o
destination PE with nearest-neighbor communic- ° 1 I ° l I
ation geometry. Let’s take the case where N=16
as an example. At time T=1 of 1st process, data in P(2", P2", " 0 oo _'p(z""
the 1st and 2nd row of the array move to the 1) 2)r— 2"
2nd and 3rd row, respectively. At the same time,
data in the 3rd and 4th row move to the 2nd and Fig.2. Systolic array for N=2™*1 points FFT.
3rd row, respectively. At T=2, data in the 2nd
and 3rd row, which were moved from the 1st
and 2nd row at T=1, are loaded into PEs in the
3rd and 4th row. On the other hand, data in the
2nd and 3rd row, which were moved from the L - )
3rd and 4th row at T=1, are loaded into PEs in Fq(0) Fq(1) Fq(2) Fq(3)
the Ist and 2nd row, respectively. As a result of I ]
the data shuffling operation for 1st process,data in l I 1 T l I I
the 1st and 2nd row are exchanged with those in the —
3rd and 4th row, respectively.  This data Fa(e) | Fa(s Fa(e), | Fa()
movement is completed in a parallel and pipelined l T I T 1 ]r I T
fashion within only two cycles. Similarily, in L
2nd process, the PEs in the 1st row exchange their Fq(s) Fq(9) Fa(io Faq
data with PEs in the 2nd row, and the 3rd row 1 ]
with the 4th row, respectively. Also, in 3rd process, l l T I T T
the PEs in the 1st and 2nd column exchange - 1
their data with PEs in the 3rd and 4th column, Fa(2) _|Fq(13} [Fq(14] _ |Fa(15)
respectively. Also in 4th process, data movement is
performed in a similar pattern. These data Fig.3. data mapping for N=16.
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shuffling operations are shown in Fig. (4). Aswe
can see from this example, the data movenient is
very simple and regular, thus it makes the control
very simple.

Fig.(5) shows the data shuffling procedure for
an arbitrary size, N = 2™™  From 1st process
to mth process, row shuffling is carried out, and
from (m+1)th process to (m+n)th process,column
shuffling is performed.

row! rowl columnl  columa2 column3 column4

row2 row2 E
row3 rows %
Tmi

row4 row4
columnl  calumn2 column3 column4

(a) (b) ()

Fig4. Data shuffling operation for N=16.

(a) 1st process(q=1).
(b) 2nd process (g=2).
(c) 3rd process (g=3).
(d) 4th process (q=4).

FOR q < 1 TO m DO
FOR r <« 1 TO 2™ DO IN PARALLEL
IF ( { (r=1) MOD 2m-9+1 J < 2™=9 ) THEN

r=r+ 2™
ELSE

rfr=r-2m°
ENDIF

FOR ¢ <= 1 TO 2" DO IN PARALLEL
k=2" s (r=1) + (c=1)
MOVE DATA Fq-1 (k) TO P(r’,c)
ENDFOR
ENDFOR
ENDFOR

FOR q «- m+1 TO m+n DO
FOR ¢ «— 1 TO 2" DO IN PARALLEL
IF ( ( (c—1) MOD 2m#n=a+l ) ¢ 2M*"=9 ) THEN
¢ =c¢ + 2m™"9
ELSE
c’ = ¢ — 2m+n—q
ENDIF
FOR r <— 1 TO 2™ DO IN PARALLEL
k= 2" & (r-1) + (c—1)
MOVE DATA Fg-1 (k) TO P(r,c")
ENDFOR
ENDFOR
ENDFOR

Fig.5. Data shuffling procedure for N=2tn

2. Half Butterfly Arithmetic (HBA)

For simplicity, eq.(1) can be written
symbolically using an operator &,
HBA = A & BW 3

where, the operator & represents either ‘+
(Addition) or *’ (subtraction). Eq.(3) defines
two HBA operations, i.e., HBA+ if the operator
& is ‘“+’, and HBA- if the operator & is . Fig.(6)
shows the HBA operation and conventional
butterfly arithmetic. The HBA provides simpler
hardware and faster execution than conventional
butterfly arithmetic operation.

A A—-
M &
B = B
w w
(a) (b)
Fig.6. Comparison for two butterfly arithmeics.

(a) conventional butterfly.
(b) half butferﬂy.

The HBA procedure for pmin points transform
is shown in Fig.(7). The HBA type is determined
by both process q and the row or column index of
PE. The PEs originally having F 1 (K) execute
HBA+ to obtain Fq (K), and the PEs originally
having Fq_) (K+N/29) execute HBA- to obtain
F_ (K+N/29). As an example of the HBA, let’s
take the case where N=16 as before. In 1st process,
the PEs in the 1st and 2nd row execute HBA+,
and the PEs in the 3rd and 4th row execute HBA-.
Similrily, in 2nd process, the PEs in the 1st and 3rd
row execute HBA+, and the PEs in the 2nd and
4th row execute HBA-. Fig.(8) depicts these HBA
operations for each process. Therefore, the half
of PEs in the array executes HBA+, while the
other half exeuctes HBA- in parallel. These HBA
operations eliminate the data reshuffling oper-
ation, which would be indispensible, if conven-
tional butterfly arithmetic was adopted on the
two dimensional array. Also it makes the PE
activity to be improved to 100% in comparison
with conventional butterfly arithmetic.

(1118)
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FOR q « 1 TO m DO
DO IN PARALLEL .
IF ( { (r=1) MOD 2™ % ) < 2™ 9) THEN
EACH PE COMPUTE HBA+
ELSE
EACH PE COMPUTE HBA—
ENDIF
ENDDO
ENDFOR

FOR q «— 1 m+1 TO m+n DO
DO IN PARALLEL
IF ( ( (c=1) MOD 2™ 9 y < 2 mée=ay THEN
EACH PE COMPUTE HBA+

ELSE
EACH PE COMPUTE HBA-
ENDIF
ENDDO
ENDFOR
Fig.7. HBA procedure for N=2™+1,

columnl  column2 column3 column4

row]
(e)

row 2

row 3 columnt  column2 columnl column4
row 4
(&

(b)

row 1
row 2
row 3
row 4

(a)

Fig.8. HBA computation for N=16.
(a) 1st Process (g=1).
(b) 2nd Process (q=2).
(¢) 3rd Process (q=3).

(d) 4th Process (q=4).

3. 1/0 Pipelining

Immediately after the whole FFT comput-
ation has been completed, final output data are
moved to their north-neighbor PEs. At the same
time, newly inputed data which will be used in
the another FFT computation, are loaded into
PEs in row major order. Fig.(9) illustrates this
I/O pipelining for N=16. And, Fig.(10) shows the
I/O pipelining procedure for the general case, N=
270 14 js llustrated in Fig.(10) that the output
of final data and the input of new data are pipel-
ined through m clocks.

H. PE Architecture
The proposed 2-D systolic array consists of

A VLSI Architecture of Systolic Array for FFT Computation
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<+
+—

row 1
' ’
1
row 2
] $ . .
| 1 \
row 3
) 3 [ [
H H )
row 4
4 L] [] 4
1 1 H 1
1 1 ] 1
T=1  T=2 T=3 =4
— output dato Fe(k)
~--+ new input dota Fo(k)
Fig.9. 1/O pipelining for N=16.

DO IN PARALLEL
LOAD DATA Fpyq(k) INTO ROUTING REGISTER A
ENDDO
FOR i « 2™ 70 1 DO
FOR r « 1 70 2™
r r—1
FOR c - 1 TO 2" DO IN PARALLE
IF ( (r=i) < 0 ) THEN
DATA Fmen(k) IN P{r,c) MOVE TO P(r'.c)
ELSE
NEW INPUT DATA F, (k) IN P(r.c) MOVE TO P(r',c)
ENDIF
ENDFOR
ENDFOR
ENDFOR
DO IN PARALLEL
LOAD NEW INPUT DATA F, (k) INTO ACCUMULATOR IN HBAU
ENDDO

DO IN PARALLEL

Fig.10. 1/O pipelining procedure for N=2+n,

2M x 2" jdentical processing elements for pmtn

point FFT. As depicted in Fig.(11), a PE is com-
posed of data routing unit, half butterfly arith-
metic unit and control logic unit.

1. Data Routing Unit (DRU)

DRU consists of two multiplexers and one
data register as shown in Fig.(12). To perform
data shuffling operation, the data obtained by
HBA, which is to be used for the next process, is
loaded from HBAU into registers in DRU. On the
other hand, the shuffled data that will be used
in HBA, is loaded from DRU into registers in
HBAU.
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«—3
—-—ﬁU-A

|

|

t HBAU

|

| L2

| I

-

----— control signal
— 8bit parallel data

Fig.11. PE architecture.

data-in from
neighbor-PE

| mux
mux

data from HBAU

register

To neighbor-PE
and hbau

Fig.12. Data routing unit.

During row shuffling, DRU-A transfers data
from its north-neighbor PE to its south-neighbor
PE, while DRU-B receives data from its south-
neighbor PE and sends it to its north-neighbor
PE. Also, during column shuffling, DRU-A
receives data from its west-neighbor PE and
sends it to its east-neighbor PE, while DRU-B
transfers data from its east-neighbor PE to its
west-neighbor PE.

VLSI implementation of most bit-parallel
systolic algorithm suffers from impractical pin
counts. To overcome this problem, data are

1988 9H EfILBEHRGE
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moved 8 bits at a time during data shuffling and
I/O pipelining operations.

2. Half Butterfly Arithmetic Unit (H” AU)

HBAU executes one of the HBA operations,
either HBA+ or HBA-. In eq.(3), data A, B and
Twiddle factor W are all complex numbers, thus
we can rewrite it as follow,

HBA = [Ar & (BrWr - BiWi)] +j [Ai & (BrWi+
BiWr)] 4)

where, j =4/ -1

From eq.(4), we can see that four multipliers and
four adders are required to compute directly the
HBA. Distributed arithmetic [6,13,15] was
adopted in HBA to perform multiplierless
arithmetic and to reduce chip area.

A complex multiplication in eq.(4) can be
expressed as

P=B - W
= (Br + jBi) (Wr + jWi)

= Pr +jPi (5)

By expressing each component of B as a frac-
tional N-bits number in 2’s complement notation
(Brn, Bin), and substituting them into eq.(5),
we obtain

1 N-1 i
Pr=" wr-wi2 (™D '3 Qmn (Brn,Bin)2™
n=o

1 N-1 .
Pi=— (Wr+ w21 45 Qin (brn, Bin)2™
2 n=o
(6)

The values of the Qrn and Qin are determined by
Brn and Bin. From Eq.(6), it is clear that com-
plex multiplication by distributed arithmetic
requires (Wr + Wi)/2 and (Wr-Wi)/2 rather than
Wr and Wi.

Also, eq.(4) can be rewritten as

HBAr=Ar & Pr
N
HBAi= Ai & Pi

To perform the & operation in eq.(7), i.e.,
addition and subtraction, the same adders that
used in distributed arithmetic can be reused.
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Therefore, the HBA can be executed efficiently
with only two adders, which occupy a smaller
chip area than multiplier.

HBAU consists of two data registers(A,B),
two Twiddle factor registers, accumulators (Acc),
adders and some control logic. BLC (Binary
Lookahead Carry) adder was used because of its
regular layout and high arithmetic speed.
Accumulators are used not only to accumulate
intermediate results of HBA, but also to store
data during shuffling operations.

Two Twiddle factor registers are used to store
coefficient (Wr + Wi)/2 and (Wr - Wi)/2. Their
initial values are set to 0.5 for 1st process. Also,
the Twiddle factors that will be used in the
following process are transferred from external
memory into registers in DRU during HBA oper-
ation. Immediately after HBA has been com-
pleted, these new Twiddle factors are loaded into
Twiddle factor registers in HBAU.

Overflow in the fixed register size within HBAU
is prevented to adopt an automatic cell scaling
(ASC) technique, which scales down every data
by a factor of 2. This ASC is simple and fast at
the expense of accuracy. Also, to compromise
the area/precision criteria, data and coefficients
have 16 bit complex 2’s complement fixed point
format.

Control Logic Unit (CLU) receives signals
from external array controller, and generates
various control signals which are used in DRU
and HBAU.

3. Testability

With the increase of chip complexity, the
design for testability issue has been growing in
importance [16]. Various techniques of design
for testability have been surveyed in [17]. Among
many design for testability techniques, we
employed built-in self-test (BIST) in PE design
because of its low hardware costs, simple imple-
mentation and excellent test coverage.

A BIST utilizes on-chip pseudorandom test
pattern generation and on-chip signature analysis,
which are performed using registers in HBAU.
In the test mode, data registers in HBAU and two
Twiddle factor registers are used as a pseudor-
andom test pattern generator, and accumulators
in HBA are used as a signature analyzer. These
registers are configured into linear-feedback shift
registers (LFSR) during the self-testing operation.

A VLSI Architecture of Systolic Array for FFT Computation
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Initial test patterns are supplied through DRU
from outside. After initial test patterns are
loaded into the test pattern generating registers,
self-testing operation is initiated by an external
test enable signal. During the test operation, two
16 bits LFSRs generate pseudorandom test
patterns up to 216.1 while the output LFSR
compresses test responses to a 9 bit signature until
test-end-detector detects a test stop signal. After
test operation is completed, the final compressed
contents of output LFSR, called signature, are
compared with predetermined good signature by
an on-chip comparator. According to the com-
parison result, a GO or NO-GO signal is generated,
which specifies whether the tested circuit is
good or faulty, respectively.

Our built-in self-testing circuit takes up only
3% of hardware overhead together with two
additional I/O pins, which are for the test enable
signal and the GO/NO-GO output signal.

IV. Implementations and Performance
Simulation

The HBAU chip, which is composed of two
BLC (Binary Lookahead Carry) adders, data and
coefficients registers, was fabricated using a 3
um single metal P-well CMOS process. It contains
about 7,000 transistors and measures about 7.3 x
8.0 mm? including 63 I/O pads. Fig.(13) is a
microphotograph of the HBAU chip.

Also, An one-PE chip was designed using
standard cell library and BLC adder macrocell with
aid of auto-routing software. It consists of about

Fig.13. A microphotograph of the HBAU chip.
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Fig.14. -Layout of one-PE chip.

6000 transistors and 68 I/O pads in a 3.4 X
2.8mm? area, Its layout is shown in Fig.(14).
Currently, the chip is being fabricated using a
2 um, double metal, p-well CMOS process. Built-
in self-testing circuits were employed at the
expense of 3% hardware overhead.

The total execution time TFFT for
point can be expressed by

2m+n

Tppr =Ty, +Tg + T4 (®)

where TI/0 = total data I/o time

TB = total butterfly arithmetic time

T

¢ = total data shuffling time

Data I/O, butterfly arithmetic and shuffling time
in the above equation can be calculated with,

Ty =2T(2M +2) (%a)
m : n .
T, =2T( Q™'+2)+Z 2™ +2))
S h -
i=1 i=1
(9b)
Tg = (m+n) THB (9¢)

where : T : clock period

THB: half butterfly arithmetic time

The coefficient 2 in eq. (9-a) and (9-b) represents
the partitioned transfer of the 16 bit data into 8

9H W FT A L
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bits at a time during I/O pipeline and data shuff-
ling operation. -

The computation time of a half butterfly
arithmetic is simulated to be about 500ns at
a clock frequency of 20 MHz chosen by critical
path delay. Based on this result, total FFT ex-
ecution time for a 1024 point is estimated about
16.6 us by eq(9). In comparison, the FFT com-
putation on this architecture is much faster than
other DSP processors, [18,19], thus it is expected
that the PE discussed in this paper will result
in significant improvement in high speed real
time processing.

V. Conclusion

In the development of complex VLSI chip,
the optimality of the underlying algorithm
determines the degree of concurrency and pip-
elining which eventually determines the perfor-
mance of the chip. The basis of the VLSI system
design  philosophy encompasses not only
the regularity and locality in communications but
also the modularity in hardware structure.

This paper describes a two-dimensional systolic
array for FFT, which is based on half butterfly
arithmetic and efficient data shuffling operations.
A new arithmetic method that employs the half
butterfly arithmetic reduces data shuffling time by
2, and makes hardware simpler than that of con-
ventional butterfly arithmetic. Also, the PE
activity is improved to 100%.

Since the proposed VLSI architecture features
regular and recursive structure, and offers a highly
local and regular communication geometry, it is
suitable for VLSI and WSI (Wafer Scale Integr-
ation) implementation. Also due to its expand-
ability, a processor performing an arbitrary size
FFT can be constructed by simply increasing the
array size.

A result of fabrication of the HBA test chip,
the HBA operation can be executed in about 0.5us
with a 20MHz clock frequency. From the perfor-
mance simulation, it is expected that this archit-
ecture can be applied to the high speed real time
signal processing. Currently, an one-PE chip is being
fabricated using a 2 um, CMOS technology.

In future, it will be possible to realize a wafer
scale FFT processor that has the proposed regular
and recursive architecture, if fabrication
technology is available.
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