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Abstract. In this pap er, a lo comotion algorithm designed for an eigh t

mo dules w orm-lik e rob ot has b een successfully tested on three di�eren t

FPGA-em b edded pro cessors: MicroBlaze, P o w erPC and LEON2. The lo-

comotion of w orm-lik e rob ots, comp osed of a c hain of equal link ed mo d-

ules, is ac hiev ed b y means of w a v e propagation that tra v erse the b o dy of

the w orm. The time the rob ot needs to generate a new motion w a v e, also

kno wn as the gait recalculation time, is the k ey to ac hiev e an autonomous

rob ot with real-time reactions. Algorithm execution time for four di�er-

en t arc hitectures, as a function of the total n um b er of articulations of

the rob ot, are presen ted. The results sho w that a h uge impro v emen t of

the gait recalculation time can b e ac hiev ed b y using a �oat p oin t unit.

The p erformance ac hiev ed using the LEON2 with FPU is 40 times b etter

than LEON2 without FPU, using only 6% of additional resources.

1 In tro duction

Mo dular self-recon�gurable rob ots o�er the promise of more v ersatilit y , robust-

ness and lo w cost[1 ]. They are comp osed of mo dules, capable of attac h and

detac h one to eac h other, c hanging the shap e of the rob ot. In this con text, the

w ord �recon�gurable� means the abilit y of the rob ot to c hange its form, not a

hardw are recon�gurable system. In the last y ears, the n um b er of rob ot follo wing

this approac h has gro wth substan tially[2 ].

One of the most adv anced systems is P olyb ot[1][3 ], designed at P alo Alto

Researc h Cen ter (P AR C). This rob ot has the capabilit y to ac hiev e di�eren t re-

con�gurations, suc h as mo ving as a wheel, using a rolling gait, then transforming

itself in to a snak e and �nally b ecoming a spider. Curren tly , the third generation

of mo dules (G3) is b eing dev elop ed[4 ]. Eac h mo dule has its o wn em b edded P o w-

erPC 555 pro cessor with a traditional pro cessor arc hitecture.

An additional step on v ersatilit y is the use of Field Programming Gate Ar-

ra y (FPGA) tec hnology instead of a con v en tional micropro cessor c hip. It giv es

the designer the p ossibilit y of implemen ting new arc hitectures, faster con trol al-

gorithms, or dynamically mo dify the hardw are to adapt it to a new situation.

In summary , mo dular recon�gurable rob ot con trolled b y a FPGA are not just

able to c hange their shap es, but also their hardw are and therefore, complete

v ersatilit y can b e ac hiev ed.



a) b)

Fig. 1. a) �Cub e rev olutions� w orm-lik e rob ot, comp osed of eigh t similar link ed mo d-

ules, connected in phase. b) A CAD rendering of t w o unconnected Y1 mo dules.

As previous w ork, an implemen tation of a FPGA-based w orm-lik e rob ot lo co-

motion w as successfully carried out[5]. The Xilinx MicroBlaze[6 ] soft-pro cessor

w as used for the algorithm execution and custom cores w ere added for serv o

p ositioning.

In this pap er the lo comotion algorithm for an eigh t mo dules w orm-lik e rob ot

(�gure 1a) is ev aluated in di�eren t FPGA em b edded pro cessors: MicroBlaze,

P o w erPC[7 ] and LEON2[8 ]. The time this algorithm tak es to complete the mo v e-

men t generation is calculated as a function of the n um b er of no des of the rob ot,

giving information ab out the scalabilit y . This exp erimen tal results will b e used

in future w ork to select the arc hitectures that �t b est a particular application.

2 Lo comotion algorithm for w orm-lik e rob ots
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Fig. 2. An example of the algorithm used to generate the con trol tables. The �rst t w o

ro ws of the gait con trol table are calculated



The protot yp e of the w orm-lik e rob ot, called �Cub e Rev olutions�, is sho wn

in �gure 1a. It is comp osed of 8 similar link ed mo dules, connected in phase.

Therefore it can only mo v e in a straigh t line, forw ard and bac kw ard. The �rst

generation of the mo dules created, named Y1 (1b), w ere made of PV C and

con tains only one degree of freedom, actuated b y a serv o. T ec hnical details and

aditional information can b e found in [5 ].

The lo comotion of the rob ot is ac hiev ed b y means of precalculated data

matrix, that store the p osition of all the articulations at di�eren t time slots.

This con trol data arrangemen t is denominated gait con trol table[1]) (GCT).

Eac h ro w of the table con tains the p osition of the articulations at instan t t i ,

that is, the shap e of the rob ot at t i . The whole matrix determines the ev olution

of the shap e of the rob ot in time.The rob ot will mo v e correctly if the GCT is

w ell calculated. In order to ac hiev e lo comotion, the con troller reads the table,

ro w b y ro w, pro ducing the pulse width mo dulations (PWM) signals that actuate

the serv os.

The prop osed lo comotion algorithm generates w ell-constructed gait con trol

tables that allo w the rob ot to mo v e forw ard and bac kw ard. A w a v e propagation

mo del is used for its calculation, building the tables from the parameters of the

w a v e: amplitude, w a v eform, w a v elength and frequency .

Figure 2 sho ws an example of ho w the algorithm calculates the �rst and

second ro ws of the gait con trol table. It consist of t w o stages. First, the angles

of the articulations are calculated b y ��tting the w orm to the w a v e�. Then, the

w a v e is shifted (that is, the time is incremen ted) and the rob ot is �tted to the

w a v e again. These steps are rep eated un til the w a v e has mo v e a distance equal

to the w a v elength.

The algorithm has a geometric approac h and is based on rotations of 2D

p oin ts, therefore, sine, cosine and arctan function are widely used.

3 Implemen tation on em b edded FPGA pro cessors

3.1 Algorithm op eration analysis

The whole algorithm has b een implemen ted in C language, using double precision

�oating p oin t. The pro�ling analysis of the algorithm sho ws that the 71.4% of the

execution time is sp en t in �oat p oin t op erations. The 21.23% is used for in tegers

op erations and the �nal 7.37% for remainder op erations, including trigonometric

ones. The pro�le suggests the use of a �oat p oin t unit (FPU) for impro ving the

execution time.

3.2 T arget arc hitectures

T able 1 sho ws the four arc hitectures used for the ev aluation of the algorithm.

Three FPGA-em b edded pro cessor has b een tested: LEON2, Xilinx MicroBlaze

and a P o w erPC core em b edded in the Xilinx Virtex I I Pro FPGA. The P o w-

erPC is the pro cessor emplo y ed in P olyBot G3, the most adv anced mo dular

recon�gurable rob ots designed at P AR C.



T arget arc hitectures 1 2 3 4a 4b

Pro cessor LEON LEON+ Meik o FPU MicroBlaze P o w erPC

F requency 25 Mhz 50MHz 50Mhz 100Mhz

FPGA Virtex X C2000E Virtex I I Pro

T able 1. Arc hitectures used for the ev aluation of the algorithm

The soft core pro cessors (SCP) ha v e b een implemen ted using similar arc hitec-

tural features: without hardw are m ultiplier/divisor units and with similar data

and instruction cac hes. Arc hitectures 1 comprises only one LEON2 SCP . Arc hi-

tecture 2 adds the Meik o FPU[8 ]. The third arc hitecture is a Xilinx MicroBlaze

SCP . The �nal arc hitecture consists of an em b edded P o w erPC core

Arc hitectures 1 to 3 ha v e b een ev aluated in hardw are on the R C1000 de-

v elopmen t b oard from Celo xica that includes a Xilinx Virtex E FPGA. The

arc hitecture 4 has b een implemen ted on a Alpha Data ADM-XPL b oard in a

Virtex I I Pro.

4 Results

Xilinx XST is used for the syn thesis of MicroBlaze. Symplify Pro is used for the

syn thesis of the LEON2 pro cessor. The reason wh y Simplify Pro is not used for

the syn thesis of the MicroBlaze pro cessor is the fact that MicroBlaze pro cessor

is distributed as a parametrizable netlist, i.e. it is already syn thesized. P o w erPC

implemen tation ha v e b een dev elop ed using the Xilinx Em b edded Dev elopmen t

Kit.

4.1 Syn thesis results

Pro cessor Slices BRAM

MicroBlaze 1321 (6%) 74 (46%)

LEON2 4883 (25%) 43 (26%)

LEON2+Meik o FPU 6064 (31%) 40 (25%)

T able 2. Implemen tation results for arc hitectures 1,2 and 3.

The results are sho wn in table 2. Since MicroBlaze pro cessor is highly opti-

mized for Xilinx FPGA circuit the resources used are lo w er than for the LEON2

pro cessor. LEON2 is written not only for FPGA circuit so it is v ery di�cult

for a syn thesis to ol to syn thesize LEON2 with the same lo w FPGA resource

optimization as MicroBlaze. Also, as can b e seen in table 1 the maxim um clo c k



frequency ac hiev ed for MicroBlaze is 50Mhz, whereas LEON2 runs at 25Mhz in

the selected FPGA device.

The impro v ed arc hitecture LEON2 with FPU unit only supp ose a 6% of

additional resources

4.2 Algorithm execution time

a) b)

Fig. 3. a) GR T comparison for the four arc hitectures ev aluated, as a function of the

n um b er of articulations. b) Normalized results supp osing a 50MHz system clo c k fre-

quency for all arc hitectures.

The algorithm has b een compiled for the di�eren t arc hitectures and it is

loaded from external memory and executed. The execution of the algorithm

determines the time the rob ot needs to generate a new kind of mo v emen t. This

time is called gait recalculation time (GR T). If a w orm-lik e rob ot capable of

ha ving a fast reaction is needed for a particular applications, a lo w GR T is

required.

Figure 3a sho ws the GR T for the four arc hitectures, as a function of the

n um b ers of articulations. Figure 3b compares the di�eren t arc hitectures w orking

at 50MHz. Due to the limitations of the c hosen arc hitecture FPGA device, the

50Mhz data for the LEON2 pro cessor has b een estimated supp osing a half cycle

time.

As it w as exp ected, the GR T increases with the n um b er of articulation of

the rob ot. Also, the P o w erPC reac hes a signi�can tly b etter result than the other

t w o pro cessors, b ecause it is a hard core with sp eci�c hardw are functional units.

The most outstanding result is obtained with arc hitecture 2 (LEON + FPU).

F or an 8 articulations w orm-lik e rob ot, the p erformance ac hiev ed using the

LEON2 with FPU is 40 times b etter than LEON2 without FPU, using a 6%

additional resources. This p erformance is 6.5 times b etter than the obtained

with the 100Mhz P o w erPC implemen tation.



5 Conclusion and further w ork

The w orm lik e-rob ot lo comotion can b e realized b y means of the propagation of

w a v es through the b o dy of the rob ot. The algorithm generates the gait con trol

tables from the w a v e applied. The gait recalculation time is the k ey parameter

in order to ac hiev e an autonomous rob ot with real-time reactions.

The algorithm has b een successfully implemen ted and executed on three dif-

feren t em b edded pro cessors in FPGA: LEON2, MicroBlaze and P o w erPC. The

GR T has b een measured in four arc hitectures, as a function of n , the n um b er

of total articulations. Results sho w that GR T can b e drastically impro v ed b y

means of the use of an FPU unit. A 25MHz LEON2 with an Meik o FPU is al-

most one order of magnitude faster than an P o w erPC w orking at 100Mhz. This

mak es eviden t one of the adv an tages of the use of a FPGA instead of a tradi-

tional pro cessor: designers and researc hers can impro v e the rob ot b y in tro duction

arc hitectural c hanges and adding custom hardw are cores.

The LEON2 with an FPU is a v ery go o d option when a lo w GR T is required.

In not critical applications the use of the MicroBlaze sa v es ab out the 75% of the

area, lea ving this p ercen tage free for the implemen tation of new hardw are cores.

The curren t w orm lik e-rob ot protot yp e, �Cub e Rev olutions�, can only mo v e

on a straigh t line. The mo v emen t on a plane will b e studied in further w orks.

The same lo comotion algorithm will b e used, but calculating t w o gait con trol

tables from t w o di�eren t w a v es: one for the articulations in the plane parallel to

the ground and the other in the p erp endicular plane. The �nal lo comotion will

b e generated as a comp osition of the t w o w a v es.
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