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Εκτεταμένη Περίληψη 

Ο όρος βιοτεχνολογία προέρχεται από τις λέξεις ‘βίος’, ήτοι ζωή και ‘τεχνο-

λογία’, ήτοι επιστημονικές και τεχνικές γνώσεις. Η βιολογική γνώση παίζει έναν πρω-

ταρχικό ρόλο στην κατανόηση της βιολογίας σαν μια παραγωγική και αποδοτική διαδι-

κασία και η τεχνολογία συμβάλλει, στη βασική έρευνα της βιολογίας, προς βελτίωση των 

συνθηκών διαβίωσης, υπό το πρίσμα της αειφόρου ανάπτυξης. Πρόκειται, ουσιαστικά, 

για την τεχνολογία χρησιμοποίησης των βιολογικών διεργασιών με στόχο την παραγωγή 

προϊόντων και υπηρεσιών προς όφελος του ανθρώπινου είδους. 

Η βιοτεχνολογία είναι ένας ταχέως αναπτυσσόμενος κλάδος με ποικίλες εφαρ-

μογές και συνεχή επιστημονική εξέλιξη. Κάθε εφαρμογή της επιφέρει τόσο οφέλη όσο 

και κινδύνους, οι οποίοι δεν πρέπει σε καμία περίπτωση να παραβλέπονται. Πιο 

συγκεκριμένα, η κτηνοτροφική βιοτεχνολογία χρησιμοποιείται σε μικρής αλλά και μεγά-

λης κλίμακας φάρμες, παγκοσμίως, οδηγώντας σε αυξημένες αποδόσεις, με μειωμένο 

κόστος παραγωγής, ενώ επιπροσθέτως προσδίδει και βελτιωμένη οικονομική απόδοση. 

Η on-line παρακολούθηση αποτελεί μια σημαντική πρόκληση στις μελλοντικές 

βιοτεχνολογικές εφαρμογές, συμπεριλαμβανομένου και στον τομέα της κτηνοτροφίας, 

όπου είναι επιτακτική η ανάγκη χρήσης χαμηλού κόστους «έξυπνων» αισθητήρων στην 

παρακολούθηση της ευημερίας των ζωντανών οργανισμών. Ο συνήθης τρόπος παρακο-

λούθησης ενός ζωντανού οργανισμού συνίσταται στη χρήση οπτικοακουστικών μέσων, 

τα οποία χειρίζεται ο ανθρώπινος παράγοντας που είναι παρόν. Η μέθοδος αυτή είναι 

κατά κύριο λόγο υποκειμενική, ακριβή, επιρρεπής σε σφάλματα και επιπροσθέτως χρο-

νοβόρα. Αντί αυτού είναι δυνατό να εφαρμοσθεί μια αυτοματοποιημένη αντικειμενική 

επιτήρηση, η οποία λαμβάνει χώρα μέσω χαμηλού κόστους «έξυπνων» αισθητήρων 

εικόνας. Η χρήση των αισθητήρων, σε συνδυασμό με τη βοήθεια τεχνικών ανάλυσης 

εικόνας, παράγει μια αυτόματη αντικειμενική και εξ’ αποστάσεως μέθοδο παρακολούθη-

σης της συμπεριφοράς των ζωντανών οργανισμών.  

Τα τελευταία χρόνια η τεχνογνωσία στην ανάπτυξη και τη χρήση αλγορίθμων 

επεξεργασίας εικόνας, που εντοπίζουν αυτόματα τα χαρακτηριστικά των σωμάτων των 
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ζωντανών οργανισμών, το ποσοστό δραστηριότητάς τους, καθώς και την συμπεριφορά 

τους αναπτύσσεται ραγδαία. Ένας τέτοιος αλγόριθμος, που συνδυάζεται με on-line 

τεχνικές μοντελοποίησης αποσκοπώντας στην αναγνώριση διαφόρων φαινοτύπων συ-

μπεριφοράς των ορνίθων, αποτελεί το έναυσμα για την πραγματοποίηση της παρούσας 

μελέτης. 

Η αυτόματη μέθοδος παρακολούθησης ζωντανών οργανισμών, όπως έχει ερευ-

νηθεί και δημοσιευθεί από το Τμήμα Biosystems (BIOSYST) του K.U. Leuven [1], συνί-

σταται από μια εφαρμογή με «υπολογιστική όραση», η οποία, βασιζόμενη στις αποκρί-

σεις τους, κατηγοριοποιεί τη συμπεριφορά τους. Η βιοτεχνολογική αυτή εφαρμογή 

αναπτύσσει ένα πλήρως αυτοματοποιημένο σύστημα «υπολογιστικής όρασης» σε μεμο-

νωμένες και υπό περιορισμό όρνιθες. Ο κώδικας της συγκεκριμένης βιοτεχνολογικής 

εφαρμογής αποτελεί το εφαλτήριο στη διεξαγωγή της παρούσας μελέτης, η οποία πρα-

γματεύεται τη βελτιστοποίησή της, μέσω της υλοποίησή της σε ειδικού σκοπού επεξερ-

γαστές και ειδικότερα σε ASIPs-VLIW, αποσκοπώντας σε μείωση του κόστους, καθώς 

και στην ελάχιστη δυνατή κατανάλωση ενέργειας στη μέγιστη δυνατή απόδοσή της. 

Πρέπει να σημειωθεί ότι, η επιλογή των ASIPs έγινε διότι είναι προσαρμοσμένοι 

σε μια συγκεκριμένη εφαρμογή ή ομάδα παρεμφερών εφαρμογών, καθώς παρέχουν συ-

γκεκριμένο σύνολο εντολών (instruction set), το οποίο διευκολύνει την αποδοτική εκτέ-

λεση των πράξεων που χρησιμοποιεί η εκάστοτε εφαρμογή. Ο ASIP, λόγω του προγραμ-

ματισμού του, είναι πιο ευέλικτος και ταυτόχρονα δύναται να προσαρμόσει αλλαγές στο 

σχεδιασμό του. Η ευελιξία που παρέχει έχει, όμως, ως τίμημα την υψηλότερη κατα-

νάλωση ενέργειας, γεγονός που αντιμετωπίζεται στην παρούσα μελέτη. Στη παρούσα 

μελέτη οι χρησιμοποιούμενοι ASIPs είναι VLIW (Very Long Instruction Word), διότι 

δύνανται να υλοποιήσουν παράλληλη εκτέλεση της εφαρμογής. 

 Πρωτίστως, διενεργήθηκε διεξοδική ανάλυση της συγκεκριμένης βιοτεχνολογι-

κής εφαρμογής, όπως έχει αναπτυχθεί σε υπολογιστικό περιβάλλον Matlab. Η εφαρμογή 

χωρίζεται σε δύο αλγόριθμους, εκ των οποίων ο πρώτος ανιχνεύει το αντικείμενο παρα-

κολούθησης (detection algorithm) και ο δεύτερος το εντοπίζει (tracking algorithm). Ανα-

λυτικότερα, κατά την εφαρμογή του αλγόριθμου ανίχνευσης, ο ζωντανός οργανισμός 

ανιχνεύεται μέσω τεχνικών επεξεργασίας στην εικόνα (frame) που λαμβάνεται από μια 

κάμερα παρακολούθησης. Εν συνεχεία, στις συνεχόμενες εικόνες, που λαμβάνονται από 
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το αντικείμενο παρακολούθησης, εφαρμόζεται ο αλγόριθμος εντοπισμού, ο οποίος προσ-

διορίζει τις αλλαγές που συμβαίνουν στη θέση και στα χαρακτηριστικά του. Ακολούθως, 

οι αλλαγές, που εντοπίζονται, κατηγοριοποιούνται και μεταφράζονται σε αλλαγές στη 

συμπεριφορά του αντικειμένου παρακολούθησης. 

 Η ψηφιακή κάμερα, που χρησιμοποιείται ως συσκευή εισόδου, παρέχει στην 

εφαρμογή εικόνες του αντικειμένου παρακολούθησης. Στην Εικόνα 1 διακρίνεται σχημα-

τικά η συνοπτική περιγραφή της ροής της εφαρμογής. 

 

 

Εικ. 1 Διάγραμμα ροής βιοτεχνολογικής εφαρμογής. 
 

Στην πρώτη ασπρόμαυρη εικόνα (grayscale), που εισέρχεται από την κάμερα πα-

ρακολούθησης, ανιχνεύεται το αντικείμενο. Ο αλγόριθμος ανίχνευσης υπολογίζει μια 

σειρά από παραμέτρους που χαρακτηρίζουν το αντικείμενο, οι οποίες καλούνται παράμε-

τροι στάσης (posture parameters). Οι παράμετροι στάσης εισάγονται ως ορίσματα στον 

αλγόριθμο εντοπισμού και επαναπροσδιορίζονται κάθε φόρα δυναμικά, σύμφωνα με την 

εισερχόμενη εικόνα. Στις επόμενες εισερχόμενες εικόνες εφαρμόζεται μόνο ο αλγόριθμος 

εντοπισμού, αποσκοπώντας τόσο στη μείωση του χρόνου εκτέλεσης, όσο και στη μείωση 

της κατανάλωσης ενέργειας της εφαρμογής. 

Η βιοτεχνολογική εφαρμογή, όπως έχει προαναφερθεί, χρησιμοποιείται σε on-

line monitoring συστήματα παρακολούθησης, απαιτώντας, συνεπώς, την πλήρωση ορι-

σμένων προδιαγραφών απόδοσης. Το video που χρησιμοποιείται στην παρούσα μελέτη 

έχει διάρκεια 3 sec, με 25 frames/sec. Κατά τη διάρκεια των 3 sec, στο πρώτο frame 

εφαρμόζονται και οι δύο αλγόριθμοι, ενώ στα υπόλοιπα εφαρμόζεται μόνο ο αλγόριθμος 

εντοπισμού. Θεωρώντας τη συχνότητα ρολογιού του επεξεργαστή ίση με 200 MHz, ο 
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διαθέσιμος χρόνος μεταξύ δύο διαδοχικών frames ισούται με 0.04 sec και οι διαθέσιμοι 

κύκλοι για την εκτέλεση των αλγόριθμων ανίχνευσης και εντοπισμού υπολογίζονται ως: 

 

Available cycles = Available time / clk = 0.04 sec * 200 MHz = 8000000 cycles 

 

Αφετηρία της παρούσας μελέτης, έπειτα από την ανάλυση της εν λόγω εφαρμο-

γής, αποτελεί η μετάφραση του κώδικά της από υπολογιστικό περιβάλλον Matlab σε 

προγραμματιστική γλώσσα C, προκειμένου ακολούθως να επιτευχθεί η υλοποίησή της σε 

ASIP αρχιτεκτονικές, όπου δύνανται να εφαρμοσθούν βελτιστοποιήσεις στο software και 

το hardware. 

Μια εφαρμογή μπορεί να ενσωματωθεί επί διαφορετικών hardware πλατφορμών, 

ανάλογα με την χρήση της, τις απαιτήσεις του συστήματος, το χρόνο που απαιτείται για 

την εμφάνισή της στην αγορά, το κόστος παραγωγής, την ευελιξία, την κατανάλωση 

ενέργειας, καθώς και την απόδοση και τη λειτουργία της σε real-time. Σημειώνεται ότι, η 

υλοποίηση των βιοτεχνολογικών εφαρμογών είναι ιδιαίτερα απαιτητική και σε χαμηλή 

κατανάλωση ενέργειας. Επακόλουθα, είναι επιτακτική η υλοποίηση της συγκεκριμένης 

βιοτεχνολογικής εφαρμογής σε χαμηλού κόστους και χαμηλής κατανάλωσης πλατφόρμες 

επεξεργασίας, οι οποίες μπορούν να περιλαμβάνουν ενσωματωμένα ή ακόμα και ασύρ-

ματα συστήματα. 

Η ανάπτυξη της συγκεκριμένης εφαρμογής σε προγραμματιστικό περιβάλλον 

Matlab χρησιμοποιεί floating point double precision αναπαράσταση και συνεπώς σε 

αυτήν πραγματοποιήθηκε και η μετάφραση στην προγραμματιστική γλώσσα C. Προκει-

μένου, όμως, να λάβει χώρα η υλοποίηση της βιοτεχνολογικής εφαρμογής σε χαμηλού 

κόστους και χαμηλής κατανάλωσης ASIP-VLIW επεξεργαστές κρίνεται αναγκαία η 

μετάφραση της εφαρμογής από floating point σε fixed point αναπαράσταση. Η μετά-

φραση αυτή πραγματοποιείται διότι μια εφαρμογή που χρησιμοποιεί floating point 

αναπαράσταση χρήζει hardware που οδηγεί σε υψηλού κόστους και υψηλής κατανάλω-

σης ενέργειας υλοποίηση. Τα ενσωματωμένα συστήματα, όμως, δεν δύνανται να υπο-

στηρίξουν floating point αριθμητική, όχι μόνο λόγω της άυξησης στο κόστος αλλά και 

λόγω της αύξησης στην κατανάλωση ενέργειας. Οι αρχιτεκτονικές ASIP, που χρησιμο-

ποιούνται σε αυτά και ερευνώνται στην παρούσα μελέτη, απαγορεύουν τη χρήση floating 
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point μονάδων εκτέλεσης, λόγω της επιπρόσθετης αύξησης στο κόστος και στην κατανά-

λωση ενέργειας. Επομένως, η βιοτεχνολογική εφαρμογή μετατρέπεται σε fixed point 

αναπαράσταση. 

Η μετατροπή της εφαρμογής, από floating point σε fixed point αναπαράσταση, 

βασίζεται στον υπολογισμό του απαιτούμενου εύρους των σημάτων, καθώς και στη 

μείωση της ακρίβειάς τους. Στα ψηφιακά συστήματα οι τιμές των σημάτων (μεταβλητές) 

αναπαρίστανται χρησιμοποιώντας ένα πεπερασμένο μήκος λέξης. Όσο μεγαλύτερο είναι 

το μήκος της λέξης τόσο μεγαλύτερη είναι η ορθότητα της αναπαράστασης των αριθμών. 

Με τη μείωση του μήκους λέξης, δηλαδή του αριθμού των bits που χρησιμοποιούνται για 

την αναπαράσταση ενός σήματος, χάνεται η ακρίβεια έχοντας ως πιθανό επακόλουθο την 

εξαγωγή μη αποδεκτών αποτελεσμάτων. Ο προσδιορισμός του αναγκαίου μήκους λέξης 

των μεταβλητών της εφαρμογής, ούτως ώστε τα αποτελέσματα να είναι αποδεκτά, επι-

τυγχάνεται μέσω δυναμικής ανάλυσης εύρους και ακρίβειας, χρησιμοποιώντας Matlab 

προσομοιώσεις.  

Στη παρούσα μελέτη χρησιμοποιείται η two’s complement signed fixed point 

αναπαράσταση, όπου το μήκος της λέξης ενός σήματος αποτελείται από το πρόσημο, το 

ακέραιο και το δεκαδικό μέρος, όπως δίδεται σχηματικά στην Εικόνα 2. Ο υπολογισμός 

του απαραίτητου μήκους λέξης κάθε σήματος περιλαμβάνει την εύρεση του απαραίτητου 

αριθμού των bits για το ακέραιο μέρος, καθώς και τον προσδιορισμό των προσημα-

σμένων σημάτων, μέσω δυναμικής ανάλυσης εύρους των σημάτων. Ακολούθως, υπολο-

γίζεται και ο αριθμός των bits που απαιτούνται για την αναπαράσταση του δεκαδικού 

μέρους, μέσω ανάλυσης της ακρίβειας των σημάτων. 

 

 

Εικ. 2 Σχηματική two’s complement signed fixed point αναπαράσταση του μήκους λέξης ενός 
σήματος. 
 

Ο υπολογισμός του απαραίτητου μήκους λέξης, για τη fixed point αναπαρά-

σταση της εφαρμογής, πραγματοποιείται μέσω Matlab προσομοιώσεων με τη χρήση μιας 

συνάρτησης κβαντοποίησης, η οποία προσομοιώνει τη fixed point συμπεριφορά της 
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εφαρμογής. Η μετατροπή από floating point double precision σε fixed point αναπαρά-

σταση πραγματοποιείται μέσω ενός συνόλου παραμέτρων, οι οποίες προσδιορίζουν τον 

αριθμό των bits που χρησιμοποιούνται για την αναπαράσταση του ακέραιου μέρους, 

αυτών που χρησιμοποιούνται για την αναπαράσταση του δεκαδικού μέρους, καθώς και 

ένα flag που προσδιορίζει εάν το εκάστοτε σήμα είναι προσημασμένο ή όχι.  

Τα αποτελέσματα που προκύπτουν, από τη δυναμική ανάλυση εύρους και την 

ανάλυση ακρίβειας, αντιμετωπίζονται ως ικανοποιητική λύση, καθώς το μήκος λέξης των 

περισσότερο σημαντικών σημάτων ισούται με το ελάχιστο δυνατό. Εν συνεχεία, τα απο-

τελέσματα των αναλύσεων αυτών χρησιμοποιούνται στη μετάβαση της εφαρμογής από 

floating point σε fixed point αναπαράσταση. 

Διαθέτοντας πλέον την fixed point αναπαράσταση της εφαρμογής είναι δυνατή η 

υλοποίησή της σε ASIPs. Έχοντας, όμως, ως απώτερο στόχο την ελάχιστη δυνατή κατα-

νάλωση ενέργειας του επεξεργαστή κρίνεται αναγκαία η μετατροπή των πράξεων πολ-

λαπλασιασμού με σταθερές σε αλληλουχίες πράξεων ολίσθησης και πρόσθεσης. Το 

hardware της fixed point αναπαράστασης της εφαρμογής υποστηρίζει πράξεις επάνω σε 

ακέραιους αριθμούς, ενώ την υλοποιεί αποδοτικά μετατρέποντας τους ακέραιους πολλα-

πλασιασμούς με σταθερές σε πράξεις ολίσθησης και πρόσθεσης. 

Πιο συγκεκριμένα, ο πολλαπλασιασμός είναι μια εύχρηστη και συνάμα πολύχρη-

στη πράξη, σε πληθώρα εφαρμογών και επακόλουθα εφαρμόζεται ευρέως από όλους 

τους προγραμματιστές. Η μονάδα εκτέλεσης (Function Unit-FU) που υλοποιεί τον πολ-

λαπλασιασμό καλείται πολλαπλασιαστής (multiplier) και παρ’ ότι καλύπτει την ανα-

γκαιότητα της ταχύτητας εκτέλεσης, αυξάνει τις απαιτήσεις των μοντέρνων σχεδιασμών, 

κυριαρχώντας στη δοθείσα επιφάνεια και καταναλώνοντας περισσότερη ενέργεια. Επι-

πρόσθετα, η χρήση των πολλαπλασιαστών έχει ως αποτέλεσμα την αύξηση του data path 

του επεξεργαστή. Στην παρούσα μελέτη, επομένως, επιλέγεται να αναπτυχθεί μία πιο 

αποδοτική υλοποίηση αυτής της πράξης, η οποία έγκειται στην αντικατάσταση του πολ-

λαπλασιασμού με σταθερές από αλληλουχίες πράξεων ολίσθησης και πρόσθεσης, απο-

σκοπώντας στη μείωση του αριθμού των πράξεων του πολλαπλασιασμού και επιτυγχά-

νοντας συνάμα και τη μείωση στην κατανάλωση ενέργειας.  

Μια πράξη πολλαπλασιασμού καλείται πολλαπλασιασμός με σταθερά όταν ο 

πολλαπλασιαστής είναι μια γνωστή τιμή, η οποία δε μεταβάλλεται κατά την εκτέλεση 
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της βιοτεχνολογικής εφαρμογής. Οι πολλαπλασιασμοί με σταθερές είναι αυτοί που μετα-

τρέπονται σε αλληλουχίες πράξεων ολίσθησης και πρόσθεσης, οι οποίες προσδιορίζονται 

από τα μη μηδενικά ψηφία της σταθεράς. 

Η μετατροπή του πολλαπλασιασμού με σταθερά σε μια αλληλουχία από πράξεις 

ολίσθησης και πρόσθεσης δύναται να πραγματοποιηθεί είτε μέσω παράλληλης προσέγ-

γισης είτε μέσω σειριακής προσέγγισης. Στη παρούσα μελέτη χρησιμοποιείται η σειρια-

κή προσέγγιση με δεξιές ολισθήσεις, λόγω των μικρών παραγόντων ολίσθησής της. Η 

μετατροπή του πολλαπλασιασμού με σταθερά σε μια αλληλουχία από πράξεις ολίσθησης 

και πρόσθεσης χρησιμοποιώντας τη σειριακή προσέγγιση με δεξιές ολισθήσεις πραγμα-

τοποιείται σύμφωνα με την ακόλουθη εξίσωση και απεικονίζεται στην Εικόνα 3 

 

  00000-0-00-10 * a  2912 * a dec  

 

 
 
Εικ. 3 Μετατροπή του πολλαπλασιασμού με σταθερά σε μια αλληλουχία απο πράξεις ολίσθησης 
και πρόσθεσης χρησιμοποιώντας τη σειριακή προσέγγιση με δεξιές ολισθήσεις. 
 

Σημειώνεται ότι, η σειριακή προσέγγιση με δεξιές ολισθήσεις υλοποιείται από SA 

FU, αποτελούμενη από μια Shift Add μονάδα εκτέλεσης, από SASA FU (SA2), απο-

τελούμενη από δύο Shift Add μονάδες εκτέλεσης, καθώς και από SAS FU, αποτε-

λούμενη από μια Shift Add Shift μονάδα εκτέλεσης. 

Οι πράξεις ολίσθησης και πρόσθεσης επιτρέπουν την εφαρμογή Single 

Instruction Multiple Data (SIMD) εντολών, μέσω των οποίων λαμβάνει χώρα η ομαδο-

ποίηση των δεδομένων των μικρού μήκους λέξεων (packed word), ενεργοποιώντας τον 
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παραλληλισμό της εφαρμογής, όπου αυτός δύναται να πραγματοποιηθεί. Η εφαρμογή 

των εντολών SIMD δίδεται σχηματικά στην Εικόνα 4. 

 

 

Εικ. 4 Εφαρμογή εντολών SIMD. Ο τελεσταίος για κάθε δεδομένο με μικρό μήκος λέξης, π.χ. 
Α+Β=C και D+E=F, αντικαθίσταται με τον τελεσταίο που προκύπτει από την ομαδοποίηση των 
διαφορετικών δεδομένων, π.χ. Α|D + B|E = C|F. 

 

Οι SIMD εντολές χρησιμοποιούνται για την αύξηση της απόδοσης της βιοτεχνο-

λογικής εφαρμογής, καθώς εκτελούν, την ίδια χρονική στιγμή, μια εντολή σε ένα διάνυ-

σμα από διαφορετικά δεδομένα (sub-words), ενώ δύνανται να μειώσουν και την κατανά-

λωση ενέργειας, εφαρμοζόμενες είτε μέσω hardware (Hard-SIMD) είτε μέσω software 

(Soft-SIMD). Εφαρμόζοντας τις SIMD, Soft ή Hard, η αύξηση του παραλληλισμού οδη-

γεί σε μείωση του αριθμού των πράξεων που εκτελούνται στα δεδομένα, καθώς και σε 

μείωση του αριθμού των προσπελάσεων στη μνήμη. Συνεπώς, πραγματοποιούνται λιγό-

τερες πράξεις και ακολούθως χρονοδρομολογούνται και λιγότερες πράξεις, οδηγώντας 

στην αύξηση της απόδοσης της εφαρμογής.  

Στην παρούσα μελέτη, οι SIMD εντολές εφαρμόζονται με χρήση software (Soft-

SIMD). Στην Soft-SIMD προσέγγιση, οφείλουν να εισαχθούν επιπρόσθετες πράξεις, οι 

οποίες διαφυλάσσουν την ορθότητα της εφαρμογής. Σημειώνεται ότι, το overhead που 

εισάγουν οι πράξεις διόρθωσης λαμβάνεται υπ’ όψιν, ούτως ώστε να μη χάνεται το κέρ-

δος, που προσδίδει η εφαρμογή του Soft-SIMD. Οι προσεγγίσεις για τις πράξεις διόρθω-

σης που εισέρχονται είναι ποικίλες, προς αποφυγή της επικάλυψης των διαφορετικών 

sub-words, η οποία δύναται να προκύψει από τις δεξιές ολισθήσεις που εφαρμόζονται 

στην packed word. Επί του προκειμένου οι πράξεις διόρθωσης πραγματοποιούνται μέσω 

ενός συνδυασμού του χείριστου αναγκαίου πλάτους sub-word και ενός shuffler FU. 

Ουσιαστικά, χρησιμοποιείται ένα ενδιάμεσο πλάτος sub-word, μικρότερο από το χείρι-
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στο, ενώ στην περίπτωση όπου είναι αναγκαία περισσότερα bits η packed word 

επαναομαδοποιείται, μέσω της shuffler FU. 

Η βιοτεχνολογική εφαρμογή υλοποιείται, όπως έχει προαναφερθεί, σε ενσωμα-

τωμένα συστήματα, τα οποία αποτελούνται από πληθώρα επεξεργαστών, ειδικού σκοπού 

hardware και μνήμες. Στην παρούσα μελέτη, χρησιμοποιούνται προγραμματιζόμενοι επε-

ξεργαστές (ASIP), αποτελούμενοι από ειδικού σκοπού Function Units (FUs), που βελ-

τιώνουν την κατανάλωση ενέργειας της εκάστοτε εφαρμογής. Ο σχεδιασμός αυτής συνί-

σταται από τον προσδιορισμό του συνόλου των εντολών (Instruction Set Architecture-

ISA), το είδος του επεξεργαστή, το μέγεθος των μνημών, το μέγεθος των Register Files 

(RF), καθώς και τη διασύνδεση όλων των προαναφερθέντων μονάδων.  

Η επίτευξη μιας χαμηλής κατανάλωσης ενέργειας και χαμηλού κόστους υλοποίη-

σης της βιοτεχνολογικής εφαρμογής απαιτεί μία εξερεύνηση σχεδιασμού στηριζόμενη 

στην κατανάλωση ενέργειας. Οι διάφορες αποφάσεις, στα ποικίλα επίπεδα της εξερεύ-

νησης σχεδιασμού, όπως είναι οι αποφάσεις σε επίπεδο αλγόριθμου, οι μετασχηματισμοί 

του πηγαίου κώδικα και οι αλλαγές σε επίπεδο μικροαρχιτεκτονικής, επηρεάζουν την 

απόδοση της τελικής σχεδίασης. Το εργαλείο εξερεύνησης με το οποίο δύναται να αξιο-

λογηθεί η επιρροή των διαφόρων βελτιστοποιήσεων στον πηγαίο κώδικα, τον compiler 

και την αρχιτεκτονική, αναφορικά με την απόδοση και την κατανάλωση ενέργειας, είναι 

το Compiler Framework For Energy-aware Exploration (COFFEE). Το εργαλείο αυτό 

υλοποιεί εφαρμογές σε διαφορετικούς επεξεργαστές παρέχοντας μια εκτίμηση της ενέρ-

γειας και της απόδοσης.   

Το COFFEE εργαλείο χρησιμοποιεί μια γενικευμένη αρχιτεκτονική για την εξε-

ρεύνηση των διαφόρων επεξεργαστών, που δύνανται να υλοποιήσουν την εκάστοτε βιο-

τεχνολογική εφαρμογή. Η αρχιτεκτονική αυτή αποτελείται από την Instruction Memory 

L1 cache (IM), τον Loop Buffer (LB), την Data Memory L1 cache (DM), τα RFs και το 

data path του επεξεργαστή, που εμπεριέχει τις FUs, όπως απεικονίζεται στην Εικόνα 5. 
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Εικ.5 Σχηματική απεικόνιση της γενικευμένης αρχιτεκτονικής του COFFEE εργαλείου. 

 

Η εξερεύνηση της αρχιτεκτονικής αποσκοπεί στον προσδιορισμό ενός ASIP 

επεξεργαστή, ο οποίος να χαρακτηρίζεται από μειωμένη κατανάλωση ενέργειας και χα-

μηλό κόστος, ενώ παράλληλα να διατηρεί ή ακόμη και να βελτιώνει την απόδοση της 

εφαρμογής. Η παρούσα μελέτη επικεντρώνεται στη μείωση της καταναλισκόμενης ενέρ-

γειας του data path του επεξεργαστή, ενσωματώνοντας διαφορετικές FUs, οι οποίες υλο-

ποιούν αρχικά την μετατροπή των πολλαπλασιασμών με σταθερές σε αλληλουχίες πρά-

ξεων ολίσθησης και πρόσθεσης και εν συνεχεία εφαρμόζουν Soft-SIMD στα αποτελέ-

σματα της εκάστοτε μετατροπής. Επιπροσθέτως, χρησιμοποιήθηκαν τα FUs σε πιο γενι-

κευμένη μορφή τους, ούτως ώστε να δύνανται να υλοποιήσουν ολόκληρη την εφαρμογή. 

Η εισαγωγή των νέων FUs επηρεάζει άμεσα τη δομή της IM και πιο συγκεκρι-

μένα το LB της. Ο ορθός προσδιορισμός της κατανάλωσης ενέργειας της IM απαιτεί την 

εύρεση του πραγματικού μεγέθους του LB της. Ακολούθως, προσδιορίζεται το ελάχιστο 

απαιτούμενο μέγεθος του RF κατά την υλοποίηση της βιοτεχνολογικής εφαρμογής, απο-

σκοπώντας στη συνολική μείωση της καταναλισκόμενης ενέργειας, διότι η ενέργεια που 

καταναλώνει εξαρτάται από το μέγεθός του. Εν κατακλείδι, προσδιορίζεται μια χαμηλού 

κόστους ASIP αρχιτεκτονική, η οποία δύναται να υλοποιήσει τη βιοτεχνολογική εφαρμο-

γή, με την ελάχιστη δυνατή κατανάλωση ενέργειας στη μέγιστη δυνατή απόδοσή της. 

.  
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Abstract 

 

On-line monitoring is an important challenge in future biotechnology 

applications, for instance in the domain of precision livestock farming, there is need for 

low-cost intelligent sensors to monitor animal welfare. The common way of observing a 

living organism is usually done by audio-visual ways performed by a human being, who 

is present on the scene. This method is, however, subjective, expensive, error prone and 

time consuming. Instead of performing an animal observation by a human being, 

automated objective surveillance, by means of low cost intelligent image sensors, can be 

used. With the use of cheap image sensors and with the help of image analysis 

techniques, an automated, objective, contact-less monitoring method of the behavior of 

the living organisms can be provided. 

 Much knowledge has been obtained in the development and use of image analysis 

algorithms to automatically quantify body features of animals, their activity rate and their 

behavior. Such an automatic image analysis algorithm is combined with on-line modeling 

techniques in order to develop an application for the recognition of several behavioral 

phenotypes of laying hens. The procedure is divided in two phases, where an automatic 

computer vision algorithm detects the monitoring object from images captured by a video 

camera, and then another algorithm tracks the detected object through successive frames. 

 Further work is required to integrate these algorithms into low-cost low-energy 

processing platforms, including embedded systems or even wearable devices. Only then, 

this important biotechnology development will lead to economically applicable solutions. 

The challenge of the present thesis especially includes the exploration of ultra-low energy 

implementation platforms of this biotechnology application. The initial application is 

developed in the MATLAB environment and is converted to C programming language. 

Dynamic range and precision analysis are performed to efficiently determine the required 

fixed-point word-lengths of the application’s variables. Finally, platform-independent and 

platform-dependent code transformations and integration of the algorithm to different 
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ASIPs (Application Specific Instruction Processors) architectures are applied in order to 

achieve ultimate low energy consumption.  
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Introduction 

 

1.1. Motivation 

The term biotechnology is deriving from the root words bio, i.e. life, and 

technology, i.e. scientific and technical knowledge. The biology knowledge plays a 

primary role in the understanding of biology as a productive and efficient procedure, 

while the technology contributes in the basic biological research in order to improve the 

living conditions, under sustainable development. It essentially refers to the technology 

that uses the biological processes to develop products and services that benefit the human 

beings. 

Biotechnology is a rapidly growing field with various applications and continuous 

scientific development. Each application of biotechnology leads to both benefits and risks 

that should be assessed on every case. The adoption of agricultural biotechnology 

worldwide in small and large scale family farms has resulted in increased yields, reduced 

production costs, or both in some instances, while creating significantly improved net 

economic returns. Integrating biotechnology applications into low-cost low-energy 

processing platforms, will lead to more economically applicable solutions.  

An application can be integrated into different hardware platforms, depending on 

the practical usage, system requirements, time-to-market, development costs, flexibility, 

energy consumption, performance and real-time operation. It should be mentioned that 

the integration of biotechnology applications in hardware platforms especially includes 
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the exploration of ultra-low energy implementations to allow battery-based operation, 

since independency from power supply and wiring is a crucial aspect.  

The processors used in hardware platforms are divided into three major 

categories; General Purpose Processors (GPPs), Digital Signal Processors (DSPs) and 

Application Specific Processors (ASPs). On one hand, although the GPPs provide a broad 

flexibility, they are too expensive in terms of cost and energy. That is especially so since 

they introduce hardware overhead for the added programmability, which occupies chip 

area and increases energy consumption. The DSPs are composed of an architecture and 

instruction set optimized for the computations used in signal processing algorithms. The 

internal architecture of a DSP is a special modification of the standard internal 

architecture of a processor, realized in such a way that it allows a very fast execution of 

certain operations, such as multiply and accumulation operations. Although the DSPs 

have high computational performance, they are yet too general and hence less energy-

efficient. On the other hand, although the ASPs have reduced programmability, they 

provide sufficient flexibility for the target domain and a highly energy-efficient 

implementation of the target application. Integrated circuits tailored to an application can 

be ASICs (Application Specific Integrated Circuits), Coarse-Grain configurable arrays 

(CGAs) or ASIPs (Application Specific Instruction set Processors)  

The ASICs consist of complex functions implemented directly by hardware, 

resulting in very fast structures, which operate with reduced energy. However, the 

development time and cost are high, whereas modifications and redesigning in the 

application are inflexible. Moreover, they cannot be tuned ``in the field’’, which is 

essential for most biotechnology applications.  

The CGAs are targeted at high performance because they consist of a 2-

dimensional array of FUs (Function Units). They are also partly customized in terms of 

FU configurations and intra-array interconnect organization so their energy efficiency is 

higher than the DSPs. However, due to the large interconnection degree required inside 

the array, that energy-efficiency is still not as good as well-designed ASIPs can reach 

[12]. So for the present study, which has as target a biotechnology application, this style 

is not adopted. 
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The ASIPs are tailored for a specific application domain or class of similar 

applications due to a specific instruction set that is provided in order to facilitate certain 

custom instructions required to efficiently run the target application. Moreover, ASIPs 

are able of using a data and instruction memory hierarchy organization that is specialized 

for the target application, with well-tuned buffering such as Scratch Pad Memories 

(SPMs) for the data or Loop Buffers (LBs) for the instructions. Due to the 

programmability of the ASIPs, they can still be sufficiently adaptive to modifications in 

the application while they are more flexible than the ASICs. This flexibility comes at the 

price of consuming higher energy. However, in the present study it will be shown that 

this energy overhead can be heavily reduced by using advanced ultra-low power 

concepts. Meanwhile, they are not as flexible as the GPPs, but still much more energy-

efficient, leading to a good compromise between flexibility and energy efficiency. 

The ASIP design flow consists of two main parts, the design of the hardware 

platform and the integration of the target application on that platform. An ASIP can be 

implemented in hardware using any style of known processor architecture, such as RISC 

(Reduced Instruction Set Circuit), CISC (Complex Instruction Set Circuit) and VLIW 

(Very Long Instruction Word).  Previous work has clearly shown that the VLIW style 

holds the largest promise for ultra-low energy platforms [13][14].  

A VLIW processor uses a long instruction word that enables the parallel 

execution of more than one single instruction in each clock cycle. Each long instruction 

consists of multiple independent parallel operations and for its execution a known 

number of cycles is required. The parallelization of the instructions is moved from run-

time (super-scalar) to design-time, especially to the compiler. Therefore, special 

compilers are required that enable software scheduling. The compiler groups independent 

instructions, which can be executable in parallel, using optimization techniques, such as 

software pipelining and loop unrolling, taking advantage of the spatial parallelism by 

using multiple functional units to execute several operations concurrently.  

Furthermore, aiming to low energy implementation of the biotechnology 

application, instruction parallelization can be combined with data parallelization that 

maximizes the number of operations performed per instruction. Data parallelization can 
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be enabled through SIMD (Single Instruction Multiple Data), where a single operation is 

performed on a vector of multiple operands. 

In conclusion, the present study deals with the implementation of biotechnology 

applications in application specific processors and especially in ASIPs-VLIW that use 

SIMD having as goal the minimum energy consumption meeting the required 

performance. 

 

1.2. Purpose and outline 

The purpose of this study is the optimization of a biotechnology application, 

which is used in on-line monitoring in the domain of precision livestock farming. 

The baseline of the study is provided by an extensive analysis of the 

biotechnology application, which has been developed in MATLAB programming 

environment. The next step involves its translation to the C high level programming 

language (Chapter 2). In order to convert the floating point representation of the 

application to fixed point representation it has been obligatory to determine the 

appropriate word-length of the application variables through dynamic range and precision 

analysis. The estimated word-lengths are used for the transformation to the fixed point 

representation (Chapter 3). Although the fixed point application can be efficiently 

implemented in ASIPs, the need for low-cost and low-energy implementation leads to the 

reduction of the multiplication operations through conversion to sequences of shift and 

add operations. In addition, exploration of the possible ASIP architectures that can 

integrate the biotechnology application is performed. The architecture exploration is 

based on the introduction of different Function Units (FUs) that implement the sequences 

of shift and add operations. Furthermore, generalization of these FUs has been performed 

in order to be able to integrate the whole biotechnology application (Chapter 4). 

Moreover the packing of different variables with small word-lengths into one packed 

word enables the use of the data parallelization of the application As a result, a low-cost 

ASIP architecture is proposed that integrates the biotechnology application with low-cost 
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ultra low-energy consumption while still meeting all the performance requirements 

(Chapter 5). The overall energy results for a more accurate power model are discussed for 

the most promising ASIP options (Chapter 6) and finally an overall conclusion is 

performed (Chapter 7). 
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Biotechnology Application  

 

2.1. Application analysis 

2.1.1. Introduction 

Biotechnology is defined as the technology that deals with the living cells and has 

as purpose the improvement of the human living. Today, biotechnology has a significant 

impact on the world economy and the world society, since it is applied in many daily 

activities. Biotechnology applications are divided in four major sectors, which namely 

are, the sector of the health care, the sector of the agriculture, the sector of the industrial 

products and the sector of the environment.  

A part of agriculture biotechnology applications finds use in livestock farming 

and has as purpose the observation of animals. This has proven to be very useful in the 

improvement of their productivity, physiology and health. A common way of observing a 

living organism is usually done by audio-visual ways performed by a human who is 

present on the scene. This method is, most of all, subjective, expensive, error prone and 

time consuming. Relying on the fact that the correctness of the results crucially depends 

on the capabilities of the observer and on the way he interprets the behavior of the 

animal, the human factor is responsible for both the subjective observations and the errors 

that may occur. In addition, the human should be present through the entire time period 

that lasts the observation, a fact that makes this methodology expensive, both in time and 
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in cost. Instead of performing the animal observation by a human being, on-line 

monitoring systems are proposed, in particular by the BIORES group at the K.U.Leuven 

[1]. 

On-line monitoring systems are capable of collecting amounts of data from the 

environment that they are observing. Analyzing these data, they use the results in order to 

specify many aspects of the monitoring object, such as its position, its movement or even 

its behavior. They consist of low-cost intelligent sensors that are combined with image 

analysis techniques in order to provide an automated objective contact-less monitoring 

method for the behavior of the living organisms. 

 The automated monitoring system of living organisms is constituted of a 

computer vision application, which is based on animal responses and categorizes their 

behavior. This developed application is separated in two algorithmic modules. The first 

module detects the monitoring object (detection algorithm) and the second one tracks it 

(tracking algorithm). During the detection algorithm, the monitoring object is being 

detected by the application of image processing techniques on a frame captured by a 

video camera. Then, the tracking algorithm is performed through successive frames in 

order to locate, each time, the position and the characteristics of the monitoring object 

that have changed. These changes over its characteristics are categorized and finally 

translated to the behavior of the monitored animal.  

The biotechnology application develops a fully automatic computer vision 

method for animals. In the current instantiation, it has been tuned to monitoring 

individual laying hens. A video camera is used as an input device to the system that 

provides images taken from the hen. It should be mentioned that the current study is 

performed on a video sequence of 3 sec, with 25 frames/sec. In Figure 1, a brief 

description of the flow of the application is illustrated. 
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Fig. 1 Biotechnology application flow. 

 

 The monitoring object is detected in the first grayscale input frame that derives 

from the monitoring camera. The detection algorithm calculates a set of parameters that 

describe the monitoring object and they are called posture parameters. The posture 

parameters are inserted as arguments to the tracking algorithm, where they are 

dynamically updated based on every input frame. On the next input frames only the 

tracking algorithm, which is far less computationally intensive, is applied in order to 

reduce the image processing time and the energy consumption. 

 

2.1.2. Detection algorithm  

 The detection of the monitoring object is performed through an image processing 

algorithm applied to the first input frame. The algorithm determines the position, the 

orientation, the body length and width of the monitoring object through a set of 

parameters that describe an ellipse (ellipse parameters) and are based on an ellipse shape 

model. The ellipse parameters are translated to posture parameters, which are the final 

output of the detection algorithm. The flow of the detection algorithm of the 

biotechnology application is shown in Figure 2.  
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Fig. 2 Detection algorithm flow. 

 

 Analyzing the steps of the detection algorithm, the grayscale background image is 

used as a reference. The first input grayscale image of the monitoring object is subtracted 

pixel by pixel from the background. The result of this subtraction is illustrated in Figure 

3.  
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Fig. 3 a) Background image, b) input frame and c) subtraction images result. 

 

 The next step applies a Gaussian filter to the result of the image subtraction in 

order to reduce the existing noise. The application of the Gaussian filter consists of the 

multiplication of its coefficients for every pixel in the image by the appropriate neighbor 

pixel, horizontal, vertical and diagonal. The value of each pixel is replaced by the sum of 

these multiplications. The function of the 3x3 Gaussian filter used by the detection 

algorithm is depicted in Figure 4. 

 

 

Fig. 4 Application of Gauss filter on image array. 

 

The result of the application of the Gauss filter is the blurring of the image in 

order to create a less noisy one. The new image, which is illustrated in Figure 5, is used 

as an input to the next image processing stage applied by the detection algorithm. 
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Fig. 5 Result of applying Gauss filter on image. 

 

 The calculation of the ellipse parameters, and hence also the posture parameters 

of the monitoring object, demands the conversion of the grayscale image to a binary one. 

This conversion renders as necessary the determination of a threshold value, which 

depends on the quality of the taken images, in order to distinguish the “hen” pixels from 

the “background” ones. The conversion consists of reading the complete grayscale image. 

In case the value of a pixel is less than an estimated threshold value, then it is converted 

to a black pixel, which means a “background” pixel with logic value equal to 0. In case 

its value is more than the threshold value, then it is converted to a white pixel, which 

means a “hen” pixel with logic value equal to 1. The result of this conversion is shown in 

Figure 6. 

 

 

Fig. 6 Result of conversion to binary image. 
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 The detection algorithm applies all the image processing steps to the input image 

in order to have a form where the monitoring object can be detected. The ellipse 

parameters are evaluated using the binary image. Their calculation is based on the 

indication of a shape that can approximate the two dimensional object of the binary 

image. Studying the images that are derived from the imaging processing steps, a simple 

ellipse shape can be used for the approximation of the monitoring object’s body. As is 

illustrated in Figure 7, this ellipse is calculated in order to best fit into the shape of the 

monitoring object.  

  

 

Fig. 7 Ellipse fitted to the body of the hen. 

 

The ellipse is a simple shape that is used for estimation of the hen’s contour and it 

is modified through the variance of five parameters, which are called ellipse parameters. 

These ellipse parameters consist of the coordinates of the ellipse centre of the Xc and Yc, 

the orientation angle θ, the major axis l and the minor axis w. The position of the ellipse 

is given by the position of the center, while its orientation by the angle θ, which is given 

by the major axis l of the ellipse and the x axis. The size of the ellipse is determined by 

both the major axis and the minor axis, l and w. The ellipse parameters are depicted in 

Figure 8. 
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Fig. 8 Ellipse model. 

 

 The calculation of the parameters of the ellipse, which approximates the hen’s 

contour, is based on the calculation of the general two-dimensional order moments p and 

q of the binary image [3]. The Equation (1) gives the calculation formula for the general 

two-dimensional order moments of an image: 

 

Equation (1):     
G

qp
pq dydx  y x  m

 

where:  p,q=0,1,2… 

G=[0 1]. 

 

The above equation is applied to a binary image, so the double integral is replaced 

by a summation leading to the Equation (2): 

 

Equation (2):     
A

p
pq x  m qy  

 

where: A: the area of the monitoring object’s pixels. 

 

 From Equation (2) is derived that the term m00 corresponds to the area of the 

“hen” pixels. The coordinates of the ellipse centre Xc and Yc are evaluated from 

 20



Equations (3) and (4) using the first degree image moments and give the position of the 

monitoring object.  

 

Equation (3):     
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Equation (4):    
00

01
C   Y

m

m
  

 

The second degree image moments are used to evaluate the angle θ of the ellipse, 

the length of the major axis l and the length of minor axis w with Equations (5)(6) and 

(7). 
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 The detection algorithm determines the five parameters of the ellipse shape, 

namely Χc, Yc, θ, l and w, by applying the above equations to the binary image, where the 
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monitoring object is present. These ellipse parameters are translated to posture 

parameters, which consist of the coordinates of the centre Xc and Yc, the parameters rx 

and ry, and the parameter p. The coordinates of the ellipse center, Xc and Yc, indicate the 

position where the ellipse is placed in the image. The parameters rx and ry represent the 

scale and the rotation factor of the ellipse, whereas the parameter p represents the factor 

that estimates the transformation of the ellipse in order to fit into the monitoring object. 

The five posture parameters are evaluated based on the Equations (8), (9) and (10). 

 

Equation (8):    w)cos(θ)(l  rx   

Equation (9):    w)sin(θ)(l  ry   

Equation (10):    
wl

wl




  p  

 

The posture parameters are the final output of the detection algorithm and in the 

next step they are inserted as input arguments to the tracking algorithm. The latter tracks 

the monitoring object in successive frames with reduced image processing requirements. 

 

2.1.3. Tracking algorithm  

 The tracking algorithm is applied to the first input frame and has as input 

arguments the posture parameters deriving from the detection algorithm. Through a set of 

operations and iterations, the five posture parameters are updated due to the present 

frame. The updated posture parameters are fed back to the tracking algorithm, which is 

applied to successive frames. This continuous update of the posture parameters is the 

main idea of the way the algorithm tracks the monitoring object. The basic procedure of 

the tracking part is shown in Figure 9. 
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Fig. 9 Tracking algorithm flow. 

 

The input posture parameters determine a sequence of transformations that is 

applied to a fixed mean shape. The fixed mean shape consists of a circle that is specified 

by sixteen points with constant coordinates. The ellipse, which is specified by the posture 

parameters, is derived from the application of the transformations to the fixed mean 

shape. 

A more detailed analysis of the tracking algorithm is discussed in the next 

paragraphs. Initially, the coordinates of the sixteen points of the fixed mean shape are 

transformed, using the posture parameter p, into coordinates of sixteen points of an 

ellipse that is placed to the beginning of the axes (0,0). The described transformation is 

schematically illustrated in Figure 10.  
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Fig. 10 Conversion of fixed mean shape to an ellipse due to posture parameter p. 

 

The next transformation includes the rotation and scaling of the ellipse. The 

coordinates of the sixteen points of the ellipse are transformed according to the posture 

parameters rx and ry in order to change the orientation and the size of the ellipse to fit the 

monitoring object. The rotation and the scaling of the ellipse are described schematically 

in Figure 11. 

  

 

Fig. 11 Rotate and scale of the ellipse due to posture parameters rx and ry. 

 

The last transformation performed on the ellipse causes its movement to the 

position that is indicated by the posture parameters Xc and Yc. This transformation leads 

to the placement of the ellipse to the point of the image, where the monitoring object is 

present. The described transformation is schematically illustrated in Figure 12.  
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Fig. 12 Movement of the ellipse due to posture parameters Xc and Yc. 

 

The update of the posture parameters is based on a sampling of the current input 

frame in order to determine the new position of the monitoring object. The normal 

direction of the sixteen points of the produced ellipse is estimated. The term normal 

direction is referring to the line that is vertical to the tangent of the ellipse’s contour. Τhe 

normal directions of the sixteen points on the contour of the ellipse gives the lines on 

which the input image is sampled, as it is schematically shown in Figure 13. It should be 

mentioned that not the whole image needs to be scanned in order to track the monitoring 

object, since these samples are sufficient in order to estimate the new position of the 

monitoring object. Due to the non-demanding image processing analysis, the tracking 

algorithm can be performed at a faster execution time and with significantly lower energy 

consumption than the detection algorithm. Actually, the number of operations per frame 

is a factor 50 lower than for the detection. 
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Fig. 13 Normal direction for five points on the contour of the ellipse 

 

The normal directions of the sixteen points on the contour of the ellipse are 

already known, so sampling of the image is performed. On each normal line thirty one 

equally spread points are sampled from the current input frame. In case that some of the 

coordinates of the sample points are placed outside of the image, then they are set equal 

to the coordinates of the top left corner of the image and the value of these samples is set 

to zero. 

As long as the image is sampled, the new position of the monitoring object is 

calculated by the new edges that exist on the normal directions of the sixteen ellipse 

points. The indication of the new edges is performed by finding the sample that has the 

biggest intensity difference among the samples that belong to the same normal direction. 

The intensity difference of a normal direction is defined by subtracting the value of each 

sample from the value of the sample that is situated two positions further on the same 

normal direction. Consequently, the maximum intensity difference of every normal 

direction gives the point where an edge exists in the image and so it determines the new 

position of the monitoring object. These points are not located on the ellipse contour, but 

they are placed on the normal directions nearby the ellipse contour.  

The coordinates of the new points are used in order to update the posture 

parameters of the monitoring object. This is implemented by applying mean squares 

equations between the new sixteen points and the sixteen points of the fixed mean shape 

that approximate the new posture parameters for the scaling and the rotation, rx' and ry', 

and for the coordinates of the centre of the ellipse, Xc' and Yc'.  

The updated posture parameters, which are derived from the mean least square 

equations, apply inverse transformations to the new sixteen points. This allows to 
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approximate the last posture parameter p', which indicates the shape change factor of the 

fixed mean shape to an ellipse. The coordinates of the new sixteen ellipse points are 

moved to a new position according to the updated posture parameters Xc' and Yc' and then 

the inverse transformation of the updated scaling and rotation posture parameters rx' and 

ry' is applied. Τhe last parameter p' is estimated by the subtraction of the coordinates of 

the new sixteen ellipse points from the coordinates of the sixteen points of the fixed mean 

shape. 

The updated posture parameters are fed back to the tracking algorithm and the 

described procedure is applied a number of iterations on the same input frame, e.g ten 

iterations per frame (10 iterations/frame), in order to optimize the results. The estimated 

ellipse that derives from the posture parameters for one frame is illustrated in the Figure 

14. 

 

 

Fig. 14 Estimated ellipse that fits to the body of the hen. 
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2.2. Biotechnology application implementation 

2.2.1. MATLAB programming environment 

 MATLABTM is the abbreviation of MATrix LABoratory and it is created by The 

Mathworks [20]. It is an integrated technical and computing environment that combines 

numeric computation, use of advanced graphics, data visualization and a high-level 

programming language. The MATLAB programming environment mainly comprises a 

language in which the source code is not compiled but is interpreted on the fly.  

MATLAB is used interactively by typing commands at the prompt, or by writing 

MATLAB functions with the use of m-files. M-files are text files written according to the 

MATLAB syntax and describe the input, the processing steps and the output of every 

function.  

MATLAB is used in different scientific fields and by many engineers due to the 

advantages that it provides to its users. It contains a lot of commands that substitute 

complicated programs, whereas it provides an easy way to perform mathematics, solve 

complicated equations, implement graphs, process signals and images, test and measure 

e.t.c. By these means, MATLAB provides a high level programming language and tools 

for developing and analyzing a wide range of algorithms and applications, while it allows 

the scientists and the engineers to develop fast their applications and to easily evaluate 

their correctness and performance. 

In addition, with the MATLAB language no need is present for declaring signals, 

specifying data types, allocating memory, using loops and specifying dimensions of the 

arrays, since matrix and vector operations are immediately executed. Moreover, no need 

exists for compiling and linking the developed program, having as a consequence that the 

programmers are able to quickly evaluate and modify their code in order to obtain the 

appropriate solution that optimizes the results. 

Taking into account the above aspects, the MATLAB programming environment 

is widely used by the scientific community since it provides an easy way for developing 

and analyzing a wide range of algorithms and applications.  On the other hand, the easy 
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way of designing algorithms in the MATLAB programming environment must be 

compared with other alternative ways used to develop an application. 

 The MATLAB programming environment depends on the MATLAB’s engine 

having as a consequence that the applications can only be used in the original 

environment that they have been developed. In contrast, the implementation of the 

application in another programming language, such as C or C++, can provide portability 

between different platforms, where it can be used without the need of MATLAB 

software. This is a very important issue since the MATLAB environment cannot be part 

of the software of an embedded system. 

Comparing more thoroughly the MATLAB programming environment with the C 

programming language, it is observed that the execution of an application in MATLAB is 

much slower than the execution of the same application in C or C++, due to the fact that 

the compiled code is typically executed much faster than the interpreted code. The 

MATLAB interpreter assumes that all signals that are used are matrices, whereas a C or 

C++ compiler can use simpler data types, which leads to a simpler code. Another reason 

for the latency of the execution of the MATLAB code is due to the unnecessary checking 

of the array boundaries in every assignment of a value to an array. 

In conclusion, the MATLAB environment gives fewer opportunities for 

optimization of an application compared to the C programming language. The MATLAB 

code usually does not use directly loops in the code, since matrix and vector operations 

are performed directly. As a result, loops that can be examined in order to apply 

optimizations and generate a faster code are not directly seen. Therefore, opportunities 

for more parallelization, hiding the memory latency, and taking advantage of the spatial 

and temporal locality of data, in order to optimize memory use and minimize the memory 

access, are not easily available.  

The development of the biotechnology application in MATLAB programming 

environment has been researched and published by the department of M3-Biores of the 

University of KULeuven [1]. The code included in this work constitutes the baseline for 

the present study, which has as goal the optimization of the biotechnology application 

and its implementation on a low-cost low-energy ASIP. 
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The MATLAB environment is capable of being used in order to develop an 

application that uses image processing and analysis techniques. This capability is 

provided by the use of built in functions of its image processing toolbox, which facilitates 

the application of image filters and complicated functions. The image processing toolbox 

of MATLAB gives a powerful tool set for solving complex imaging problems, like the 

ones that are present in the current biotechnology application. 

Having the biotechnology application available in the C language is necessary 

though for its mapping to the platform during the ASIP architecture exploration, where 

optimizations, both in software and in hardware, are applied. The challenge lies on 

satisfying the performance needs, while reducing the energy consumption and the cost of 

the current biotechnology application. The initial implementation of the biotechnology 

application in the MATLAB programming environment hence creates the motivation for 

its translation to C programming language in the next phase. 

 

2.2.2. C programming language features 

 The C programming language is a compiled language, which means that as soon 

as a C program has been created it must run through a C compiler in order to create an 

executable file. The C program is in human-readable form, while the executable, which 

comes out of the compiler, is in machine-readable form and has the advantage of 

guaranteeing the security of the source code. A program written in a compiled language, 

once it has been compiled, does not need an additional program to execute it. The 

translation from the source code to the executable needs to be done only once during 

compilation, so it is executed much faster than an interpreted code. However, it is not as 

flexible as a program written in an interpreted language, since each modification of the 

source file needs the recompilation of the program.  

The C programming language has a speed advantage comparing to other high 

level languages, as it creates programs that are slightly faster and smaller. Moreover, the 

C language is extremely portable, flexible, powerful and compact. Its portability is based 

 30



on the fact that, as long as the host computer has a C compiler, it can run C programs, so 

it provides the ability of using a software program on different types of machines. 

Although C is a high-level programming language, it incorporates many 

comparatively low-level features, such as pointers, which sometimes make programming 

more complicated than it is needed and undoubtedly facilitate the appearance of errors. 

On the other hand, these low-level features allow programmers to write extremely 

efficient code and since the efficiency is generally the most important concern in 

computing, the low-level features of C are considered advantageous.  

Amongst its major advantages are its good control statements and excellent 

input/output facilities. In contradiction, the main disadvantage of C programming 

language is the absence of some important scientific features, e.g the computation of 

complex arithmetic operations.  

 

2.2.3. Translation from MATLAB to C Implementation  

The translation of a program from MATLAB programming environment to C 

programming language is challenging since a lot of differences exist between the two 

programming languages that should be taken into account. During this translation many 

changes must be applied to the source code due to their different characteristics.  

MATLAB, as it has already been mentioned, is an interpreted language so it does 

not require declaration of data types that the program uses. Not only its functions but also 

its data are characterized by polymorphism, e.g. the same function can be called with 

different argument data types and the same variable can be used for holding different data 

types. This capability is not enabled while using the C programming language. 

Furthermore, some MATLAB data types, like cell arrays, are absent in C so they are 

implemented by using other structures. The MATLAB indexes array elements starting 

from one, and the consecutive data are column elements, whereas C indexes them from 

zero and the consecutive data are row elements. Dynamic extensions and array sizing is 

handled by MATLAB, but in C it is not available and should be implemented with 

malloc/free functions and initialization of the arrays. In addition, the MATLAB has a 
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wide range of libraries and functions that do not exist in C. Another important difference 

is that MATLAB is based on a vector-based representation, which means that when it is 

translated to C, the vector operations are replaced by loops. In MATLAB some arithmetic 

operators, like multiplication, change their semantic meaning depending on the data type 

of the operands, whereas the concatenation "[]", column "x(:)" operators and "end" 

constructs are complex to implement in C.  

 The first stage of the present study is the translation of the biotechnology 

application from the MATLAB programming environment to the C programming 

language. Although automatic tools that convert MATLAB code to C exist, e.g. 

Catalytic, they are still immature since they do not provide as efficient code than the 

human brain yet; accordingly, manual translation of the biotechnology code has been 

performed. The manual translation of the biotechnology application has been performed 

based on the above observations that have been taken into account in order to guarantee 

the functionality and the correctness of the translated biotechnology application. 

The resulting C code has the following characteristics: 73 main data that are 

represented as floating-point numbers,  65 lines of code for the detection module and 136 

for the tracking module, and the performance bottlenecks for the detection are mainly 

situated in 4 loops that traverse the image. 

 

 

 32



 

Fixed point refinement 

 

3.1. Introduction 

In digital systems the values of the signals, or else variables, are represented 

through a finite word-length. The longer the word-length is, the more accurate is its 

representation as a number. The floating point representation of numbers and especially 

those with high resolution, gives results that are close to their precise values. By reducing 

the word-length, e.g. the number of the bits that represent a signal, precision is lost and 

the final results perhaps are not acceptable.  

An application that uses floating point representation requires floating point 

hardware that results to a costly implementation with high energy consumption. The 

development of biotechnology application in MATLAB programming environment uses 

floating point double precision representation and so does the translated application in C. 

Most of the embedded systems do not support floating point arithmetic, not only due to 

the increase to the total area cost, but also because of the rise in energy consumption. The 

ASIP architectures, which are used in embedded systems and are explored by the present 

study for the application implementation, do not use floating point Function Units (FUs) 

due to high cost and high energy consumption. Consequently, the biotechnology 

application must be converted to fixed point representation. 

The default fixed point implementation of the application supports hardware for 

operations performed on integer numbers of 32 bits. The conversion from floating point 
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representation of the application to a fixed point one is based on calculating the required 

range and adjusting the accuracy of the application signals. The more accurate an 

application is, the more bits are required for the representation of its variables. Two’s 

complement signed fixed point representation is used throughout the present study, where 

the word-length of a signal consists of the sign, the integer part and the decimal part. The 

word-length of a variable in two’s complement signed fixed point representation is 

schematically shown in Figure 15. 

 

 

Fig. 15 Two's complement representation of a number. 

 

 The word-length of a signal is determined by the number of the required bits for 

the representation of the integer part, the number of required bits for the representation of 

the decimal part and one additional bit for the representation of the sign. The appropriate 

word-length of each signal used by the biotechnology application can be estimated to 

determine the optimal word-length. The estimation consists of the calculation of the 

number of bits for the representation of the integer part, the definition of the signed or 

unsigned signals through dynamic range analysis of the signals and the calculation of the 

required bits for the representation of the decimal part through precision analysis of the 

signals. 

The estimation of the appropriate word-length for fixed point representation of the 

application is implemented in the MATLAB code through simulations that use a 

quantization function, to models the fixed point behavior. The quantization function takes 

as input the double precision value of a signal and gives as an output the fixed point value 

through truncation and wrap around in case of an overflow or underflow. The conversion 

from double precision to fixed point is achieved through a set of parameters passed as 

input arguments for the instrumentation code. These arguments determine the bits that are 

used for representing the integer part, the number of the bits that are used for representing 
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the decimal part and one flag that determines if the input number is signed or unsigned, 

e.g. signal_fixed = quan(signal_double, int_bits, dec_bits, sign). 

 

3.2. Preparation of the application code 

 The application of quantization techniques and data format analysis of the 

biotechnology application requires the transformation of the code to a version that is 

appropriate for analyzing and determining the word-length for each signal, e.g. from 

MATLAB to a more C-like MATLAB version. 

Initially the transformation of the code begins with the replacement of the 

functions from the image toolbox of MATLAB, since this kind of functions cannot be 

used in the final implementation of the algorithm on an ASIP. An example of such a 

transformation is the replacement of the imfilter MATLAB function by two loops and 

multiplications for the application of the Gauss filter, as is shown in Table 1. 

 

Table 1: Application of Gauss filter using multiplications. 

Reference Code 
imgauss = imfilter(imsub,gauss); 
Transformed Code 
for row=2:h-1 
    for col=2:w-1 
        imgauss(row,col) = imsub(row-1,col-1) * gauss(1,1) + 
                           imsub(row-1,col  ) * gauss(1,2) +  
                           imsub(row-1,col+1) * gauss(1,3) +     
                           imsub(row  ,col-1) * gauss(2,1) +     
                           imsub(row  ,col  ) * gauss(2,2) + 
                           imsub(row  ,col+1) * gauss(2,3) +     
                           imsub(row+1,col-1) * gauss(3,1) + 
                           imsub(row+1,col  ) * gauss(3,2) + 
                           imsub(row+1,col+1) * gauss(3,3);     
    End 
End 

 

 In addition, every statement is converted to a three address code. Three address 

code is the code in which every statement consists of an operation with two operands, one 
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operator and the result. This analysis is necessary due to the fact that the intermediate 

results of each operation need to be sized and the maximum value assigned to them 

should be determined. The determination of the maximum value serves to avoid possible 

underflow or overflow that can happen due to lack of bits for the representation of the 

value. The example of Table 2 describes the analysis in three address code and the 

application of the functions used for the dynamic range and precision analysis of the 

application signals. 

 

Table 2: Separation of variables to three address code and application of dynamic range and 
quantization functions. 

Reference 
Code 

Transformed Code 

c=a–b*b  Powerb=b*b 
 Range(Powerb,1) 
 Powerb=quan(Powerb,signal(1).int,signal(1).dec,1) 
 c=a–Powerb 
 Range(c,2) 
 c=quan(c,signal(2).int,signal(2).dec,2) 

 

Each part of the application, e.g. the detection algorithm and the tracking 

algorithm, are considered as decoupled and are examined independently. Meanwhile 

different quality criteria in agreement with the algorithm designers are specified for the 

performance of each algorithm due to the different sensitivity that they demonstrate to the 

input posture parameters. 

 

3.3. Code Profiling 

 A measure that reflects the importance of each signal is the total cost of the 

operations in which it takes part. The cost of each signal is based not only on the amount 

and the kind of arithmetic operations, but also on the memory allocation and on the 

amount of the memory operations. Different weights are used to indicate the most 

important signals in the application. The memory operations have higher weight than the 
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arithmetic operations. The cost of a signal is calculated based on the code statements and 

takes into account their weight.  

The arithmetic operations are divided in two major sectors, namely the Arithmetic 

Logic Unit (ALU) operations and the other kind of operations, which consist of 

multiplications, divisions, square roots and trigonometric operations. It is reasonable that 

the ALU operations have lower weight than the other operations because of their simpler 

hardware implementation. The total cost of arithmetic operations is calculated for each 

signal of the detection algorithm and the tracking algorithm. In the case of the tracking 

algorithm, the calculation of the cost of the arithmetic operations is performed for one 

iteration of the algorithm. Hence, the correct comparison with the total cost of the 

arithmetic operations of the detection algorithm, is feasible only after the multiplication 

of the cost by the number of iterations of the tracking algorithm. Specifically, the number 

of iterations is 75*10, according to the application’s specifications (video sequence of 3 

sec, 25 frame/sec, 10 iteration/frame). In the Figure 16 the signals for both the detection 

and the tracking algorithm are illustrated based on the total cost of their arithmetic 

operations. 

 

    

Fig. 16 Total operation cost of signals of a) detection algorithm and b) tracking algorithm. 

 

In addition, for the indication of the most important signals, the data memory 

operations should be involved in the cost evaluation. Both load and store operations, from 

and to the background memory, are counted and summed up in order to provide a 
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measure of the memory operations. In addition, the foreground memory operations are 

also evaluated. In the case of the tracking algorithm, the calculation of the cost of the 

memory operations is done for one iteration of the algorithm. Hence, the correct 

comparison with the total cost of the memory operations of the detection algorithm, is 

again feasible only after the multiplication of the cost by the number of iterations of the 

tracking algorithm. In the Figures 17 and 18 the signals for both the detection and the 

tracking algorithm are illustrated based on the total cost of their related memory 

operations. 

 

  

Fig. 17 Total background memory operation cost of signals of a) detection algorithm and b) 
tracking algorithm. 

 

   

Fig. 18 Total foreground memory operation cost of signals of a) detection algorithm and b) 
tracking algorithm. 
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Moreover, the size that every signal allocates in the memory is included in the 

total cost of signals. If a signal is a scalar, then its weight is lower than the weight of a 

signal that is a vector, while the weight of the vector is lower than the weight of a signal 

that is a matrix. The code profiling results based on the memory requirements of each 

signal are illustrated in the Figure 19. 

 

   

Fig. 19 Total memory allocation cost of signals of a) detection algorithm and b) tracking 
algorithm. 

  

 Finally, the most important signals, in terms of arithmetic operations, memory 

operations and memory allocation, are the ones that are characterized by the biggest cost 

and they possess the bigger percentages on the above analysis. These signals are ordered 

based on their total cost in the Figure 20. 

 

Fig. 20 Ordering of the costly signals of a) detection algorithm and b) tracking algorithm. 
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3.4. Results 

 The results deriving from the cost-driven base line solution are considered as the 

optimal ones, for the rest of the present study, since the most costly signals have the 

minimum required word-length. They are called Base Line Upper Bound (BLUB) and 

they are illustrated in Figures 21 and 22.  

 

 

Fig. 21 Cost driven base line solution that is called BLUB. The colored signals correspond to the 
more costly signals of the detection algorithm. 
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Fig. 22 Cost driven base line solution that is called BLUB. The colored signals correspond to the 
more costly signals of the tracking algorithm. 

 

 Further analysis could be implemented in order to reduce the required word-

length of the rest of the signals and approach better the globally optimal solution. The 

independent quantization of each signal gives a new lower bound, the Base Line Lower 

Bound (BLLB), which is calculated while the word-length of the remaining signals is 

equal to the BLUB. In this way the range, in which the optimal solution is placed, is 

reduced. The BLLB and the BLUB are depicted in Figure 23 and 24. 
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Fig. 23 BLLB and BLUB of the detection algorithm's signals. 

 

 

Fig. 24 BLLB and BLUB of the tracking algorithm's signals. 
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 The optimal solution for the word-length of each signal is placed somewhere 

between the BLUB and the BLLB. Observing the Figures 23 and 24, some signals exhibit 

a range between these two bounds that is large enough. However, despite the potential for 

reduction of the range by further exploration, these signals do not contribute significantly 

to the implementation cost.  

 Hence, for the rest of the present study the BLUB is considered as a satisfactory 

solution since the most costly signals have a word-length equal to the minimum possible, 

which is acceptable. 

 

3.5. Conversion from floating point to fixed point 

representation 

 The proposed methodology provides the word-length of each signal used by the 

application, e.g. the information about the required bits for representing both the integer 

part without overflow and the decimal part with good precision. This information is used 

in order to convert the floating point representation of the application to a fixed point one. 

 The methodology for converting the application from floating point to fixed point 

representation consists of shift operations. A floating point variable is shifted by an 

amount of positions, which is equal to the number of bits required for the representation 

of decimal part. This is called the shift factor of the variable. Essentially, the shift 

operation moves the decimal point (comma) of the variable proportionally with the shift 

factor, retaining the required precision. Then, the result is truncated and from this point 

and on, it exhibits the new word-length. 

 

3.5.1. Fixed point representation of variables 

The decimal part of the word-length of each variable of the application indicates 

the shift factor, which is applied before truncation, in order to have the fixed point 
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representation. The variables that form an input argument to the application or a constant 

of the application are converted to fixed point representation. The shift factors that can 

occur are the positive, the negative and the zero shift factor. The latter case occurs when 

exists no need for a shift operation. 

 A positive shift factor indicates that higher precision is required than the default 

one of an integer variable, e.g. zero decimal part. The result of the application of a 

positive shift factor is the left shift of the floating point variable in order to keep the 

appropriate precision. The decimal point is moved as many positions as the shift factor 

indicates. A schematic description of the left shift and the movement of the decimal point 

by a shift factor of two is depicted in the Figure 25. 

 

 

Fig. 25 Positive shift factor of 2. 

 

 A negative shift factor indicates that less precision is required than the default 

precision of an integer variable. The result of the application of a negative shift factor is 

the right shift of the floating point variable. The decimal point is moved out of the word 

as many positions as the shift factor indicates. A schematic description of the right shift 

and the movement of the decimal point by a shift factor of minus one is depicted in the 

Figure 26. 

 

 

Fig. 26 Negative shift factor of -1. 
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3.5.2. Fixed point operations 

The floating point operations of the application are converted to fixed point 

operations, e.g. operations that have fixed point input and output variables and are 

implemented on fixed point Function Units. 

Depending on the performed operation, it is possible that additional shift 

operations must be applied in order to have the correct fixed point output. During the 

conversion continuous tracking of the position of the decimal point of both inputs is 

required, while the precision requirements of the output are taken into account. Whenever 

necessary, based on the position of the decimal points of the input variables, on the 

required precision of the output of the operation, and on the kind of the operation, 

additional shifts are applied for alignment of the inputs and for adding or reducing 

precision to the output. The extra inserted shift operations are capable of optimization 

across different operations in order to reduce the overhead. The fixed point operations in 

the detection and tracking modules consist of the addition, the subtraction, the 

multiplication and the division.  

 Either the fixed point addition or subtraction needs the alignment of the decimal 

points of the two input variables in order to provide the correct result. The result is 

shifted depending on the precision of the output. An example of the fixed point addition 

is illustrated in the Figure 27. 

 

 

Fig. 27 Fixed point addition. 
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 For the example of the Figure 27 the input variables are already in fixed point 

representation with the decimal point of variable b placed two positions left and the 

decimal point of variable c placed three positions left. If the addition is performed 

without the application of any shift operation on the inputs, then the result of the output is 

not correct due to misalignment of the decimal points. Consequently, the input variable 

with less precision is shifted by a factor that is equal to the difference of the positions of 

inputs’ decimal points in order to be aligned to the variable with higher precision. In this 

case the addition is correctly performed and the result is shifted depending on the 

precision of the output. The fixed point subtraction follows the same rules as the fixed 

point addition 

 The fixed point multiplication does not require alignment of the decimal points of 

the inputs before performing the operation and so it is performed without applying any 

shift operation on the fixed point inputs. The only constraint is the precision of the output 

which specifies the shifting factor of the multiplication result. An example of the fixed 

point multiplication is illustrated in the Figure 28. 

 

 

Fig. 28 Fixed point multiplication. 

 

For the example of Figure 28 the input variables are already in fixed point 

representation with the decimal point of variable b placed two positions left and the 

decimal point of variable c placed three positions left. The multiplication is performed 

without applying alignment of the inputs’ decimal points. The decimal point of the 

multiplication result has been moved as many positions as the sum of the decimal points’ 
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positions of the two input variables. Depending on the precision required at the output, 

the result is shifted or not.  

 The fixed point division does not require alignment of the inputs’ decimal points 

before performing the operation. The precision of the output defines if a need is present 

for shifting the nominator. The precision of the result is equal to the precision that occurs 

by subtracting the precision of the nominator from the sum of the output precision and 

the precision of the denominator. If this result is positive, the division’s output requires 

higher precision than the nominator leading to its left shifting. If the result of the 

precision is negative, the precision of the output is smaller than the nominator’s one, so 

the output is shifted right. An example of the fixed point division is shown in the Figure 

29. 

 

 

Fig. 29 Fixed point division. 

 

For the example of Figure 29 the input variables are already in fixed point 

representation with the decimal point of variable b placed two positions left and the 

decimal point of variable c placed three positions left. The division is performed after 

applying a shift operation by two positions left to the variable b in order the output to 

have one decimal bit. 

After the conversion of the application operations, the application is in fixed point 

representation. It is mentioned, that the trigonometric and square root functions have 

fixed point input and output variables, while their arguments are passed in floating point 
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representation in order to obtain the correct functionality of the application. These 

operations have a low frequency of execution; so accordingly, they do not contribute 

much to the final cost. However, further work could be applied for the conversion of the 

trigonometric and square root functions to fixed point representation by using a CORDIC 

implementation [8][9][10]. 

 48



 

Conversion of constant multiplications  

 

4.1. Introduction 

 The multiplication is a functional operation that can be applied a lot in 

applications and, hence, it is widely used by the programmers. The Function Unit (FU) 

that implements the multiplication is called multiplier. Although the multiplier allows to 

perform the required operations, it increases the cost of modern designs due to the fact 

that it dominates in the data path area and in the operator energy consumption. In 

addition, the use of the multiplier FU has as result the increase of the data path width in a 

fixed-point realization. Hence, in the present study a more efficient implementation of the 

multiplication operation is performed, which is based on the replacement of constant 

multiplications by sequences of shift and addition operations that are implemented in 

specific FUs.  

The binary multiplication is either repeated binary additions, e.g. addition of the 

multiplicand to itself for a number of times imposed by the multiplier, or it is the 

summation of a list of shifted multiplicands according to the non-zero digits of the 

multiplier. In Figure 30 the analysis of the binary multiplication using shift and addition 

operations is schematically illustrated.  
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Fig. 30 Binary multiplication of 13dec * 10dec. 

 

The multiplicand is shifted left one and three positions from its initial position. 

The shift operations are derived from the two non-zero digits of the multiplier at the 

second and fourth bit. Then, the shifted multiplicands are added for extracting the result 

of the multiplication. Analyzing the steps of the binary multiplication’s example of 

Figure 30, it is obvious that instead of using a multiplier FU, the same operation can be 

achieved with the use of only two shifters and one adder. The variable a, which is the 

multiplicand, is multiplied by the constant 10dec = 1010bin, which is the multiplier, or 

alternatively it is able to shift left by the shifting factors that the non-zero digits of the 

binary constant indicate. The conversion of the constant multiplication a * 10dec to a 

sequence of shift and addition operations is depicted in Figure 31.  

 

      

Fig. 31 Multiplication of a*10dec using a) one multiplier (Result = a * 1010bin) and b) two shifters 
and one adder ( Result = ( a << 1 ) + ( a << 3 ) ). 
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 In conclusion, a multiplication is defined as a constant multiplication when the 

multiplier is a known value that is stable during the execution of the application. The 

constant multiplications of the biotechnology application are converted into sequences of 

shift and addition operations in order to reduce the number of the multiplication 

operations and, furthermore, to reduce the energy consumption. The sequence of shift and 

addition operations is then implemented energy-efficiently in hardware.  

 

4.2. Code profiling 

The efficiency of converting the constant multiplications to shift and addition 

operations is determined by profiling the code of the biotechnology application. In Figure 

32 the total number of the arithmetic operations and the multiplications of the application 

are illustrated.  

 

 

Fig. 32 Total number of arithmetic operations of a) detection algorithm and b) tracking algorithm. 

 

 Analyzing the results presented in the Figure 32, the Arithmetic and Logic 

operations (ALU), which do not include multiplication operations and divisions, are 
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dominant in both the detection and the tracking algorithm. It is stressed that the profiling 

of the tracking part is done on one iteration of the algorithm. Depending on the iterations 

performed by the algorithm, then the above results should be multiplied by the 

appropriate factor. According to the application’s specifications (video sequence of 3 sec, 

25 frame/sec, 10 iteration/frame), the appropriate factor is equal to 75*10. However, a 

more detailed profiling of the remaining operations (other op) is needed in order to 

determine which kind of operations they are. The majority of the other operations, as it is 

clearly depicted in Figure 33, are multiplication operations for both the detection and the 

tracking algorithm of the application. In addition, in Figure 34 the number of operations 

that corresponds to constant multiplications for both algorithms is illustrated. 

 

 

Fig. 33 The multiplication operations for a) detection algorithm are almost the 100% of the other 
operations and b) tracking algorithm are the 96% of the other operations (other operations are all 
the operations excluding the ALU) 

 

   

Fig. 34 The constant multiplications for the a) detection algorithm are almost 100% of the 
multiplications and b) tracking algorithm are 87,4% of the multiplications. 
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 Observing the graphs in Figure 34, the constant multiplications are the main 

operations of the remaining operations (other op), e.g. the total operations excluding the 

ALU operations, which do not include the multiplication or division operations. In 

conclusion, it is obvious that the conversion of the constant multiplications to sequences 

of shift and addition operations potentially can considerably reduce the overall energy 

consumption of the application. 

 

4.3. Analysis of constants 

 The constant analysis includes the indication of all the different constants of the 

application that take part to constant multiplications and they are either positive or 

negative values. Only the positive constants are further analyzed, since the negative ones 

can be implemented by adding an offset that makes them equal to their absolute value. 

The multiplication by a negative constant is replaced by the multiplication by the 

absolute value of the constant and the sign is then propagated to the next 

addition/subtraction input and absorbed there. 

 

4.3.1. Binary coding 

 The sequences of shift and addition operations that replace the constant 

multiplications are determined by the binary coding of the constants. The binary coding 

of a constant gives the needed shift factors and the necessary additions according to its 

non-zero digits. Consequently, the cost of implementing the sequence of shift and 

addition operations is given by the number of non-zero digits of the corresponding 

constant. For the binary coding, the cost is particularly high as it is argued from the 

elements of Table 3. 
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Table 3: Binary coding of application's constant that take part to multiplication operations. 

Floating point  
precision 

Decimal  
Part 

Fixed point  
precision 

Binary  
Coding 

Non zero 
digits 

Detection     
0,08 13 655 1010001111 6 
0,12 13 983 1111010111 8 
0,18 13 1474 10111000010 5 

2 0 2 10 2 
6 0 6 110 3 

Tracking     
0,25 14 4095 111111111111 12 
0,231 14 3784 111011001000 6 

0,1768 14 2896 101101010000 5 
0,0957 14 1567 011000011111 7 
0,0956 15 3134 00110000111110 7 
0,1768 15 5792 01011010100000 5 
0,231 15 7568 01110110010000 6 
0,25 15 8192 10000000000000 1 
0,25 17 32767 111111111111111 15 
0,231 17 30273 111011001000001 7 

0,1768 17 23170 101101010000010 6 
0,0957 17 12539 011000011111011 9 
0,0957 16 6269 001100001111101 8 
0,1768 16 11585 010110101000001 6 
0,231 16 15136 011101100100000 6 
0,25 16 16384 100000000000000 1 

2 0 2 10 1 
3 0 3 11 2 
4 0 4 100 1 
5 0 5 101 2 
6 0 6 110 2 
7 0 7 111 3 
8 0 8 1000 1 
9 0 9 1001 2 
10 0 10 1010 2 
11 0 11 1011 3 
12 0 12 1100 2 
13 0 13 1101 3 
14 0 14 1110 3 
15 0 15 1111 4 

 

 The worst cost of the binary coding is equal to fifteen non-zero digits, which 

means that fourteen shift operations and fourteen addition operations are needed in order 

to convert this multiplication to a sequence of shift and addition operations. The high 

requirements in shift operations and in addition operations lead to the use of another 

coding, the Canonic Signed Digit (CSD) coding [24], which represents the same value 

but with less non-zero digits. 
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4.3.2. Canonic Signed Digit coding  

 The CSD coding, as it has been already mentioned, reduces the numbers of the 

non-zero digits used by the two complement representation of a number. The CSD coding 

is characterized by the fact that it comprises the least number of ones for representing an 

integer number. 

In the CSD coding the numbers are represented as linear combinations of powers 

of two, as it happens in the binary coding. However, the coefficients of the powers of two 

assume the values of 0, 1 or -1, unlike the binary coding. An additional requirement 

exists in the CSD coding, where two consecutive powers of two cannot have both their 

coefficients different from zero. In order to convert a binary coding of a number to its 

CSD coding, every consecutive powers of two, which have coefficients different from 

zero, are replaced by the subtraction of the least significant power from the next higher 

more significant power of two position. The example of the Figure 35 explains the 

conversion of the binary coding to the CSD coding.   

 

 

Fig. 35 Conversion from binary coding of constant 221dec to CSD coding. 

 

 The first consecutive sequence of powers of two that has coefficients different 

from zero is replaced and then, a second pass is implemented in order to convert the 

remainder of the consecutive sequences in CSD coding. 

 The cost of the constants using CSD coding by means of non-zero digits is 

illustrated in the Table 4. Comparing this table with the results of Table 3, the CSD 

coding has significantly reduced the cost of the sequence of shift and addition operations. 
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Table 4: CSD coding of constants that take part to multiplications. 

Floating point  
precision 

Decimal  
Part 

Fixed point  
precision 

CSD 
Coding 

Non zero 
Digits 

Detection     
0,08 13 655 101001000- 4 
0,12 13 983 10000-0-00- 4 
0,18 13 1474 10-00-000010 4 

2 0 2 10 1 
6 0 6 10-0 2 

Tracking     
0,25 14 4095 100000000000- 2 
0,231 14 3784 1000-0-001000 4 

0,1768 14 2896 10-0-01010000 5 
0,0957 14 1567 10-00010000- 4 
0,0956 15 3134 10-00010000-0 4 
0,1768 15 5792 10-0-010100000 5 
0,231 15 7568 1000-0-0010000 4 
0,25 15 8192 10000000000000 1 
0,25 17 32767 100000000000000- 2 
0,231 17 30273 1000-0-001000001 5 

0,1768 17 23170 10-0-01010000010 6 
0,0957 17 12539 10-000100000-0- 5 
0,0957 16 6269 10-00010000-01 5 
0,1768 16 11585 10-0-0101000001 6 
0,231 16 15136 1000-0-00100000 4 
0,25 16 16384 100000000000000 1 

2 0 2 10 1 
3 0 3 10- 2 
4 0 4 100 1 
5 0 5 101 2 
6 0 6 10-0 2 
7 0 7 100- 2 
8 0 8 1000 1 
9 0 9 1001 2 
10 0 10 1010 2 
11 0 11 10-0- 3 
12 0 12 10-00 2 
13 0 13 10-01 3 
14 0 14 100-0 2 
15 0 15 1000- 2 

 

The worst cost using the CSD coding is equal to six non-zero digits, which means 

that five shift operations and five addition operations are needed in order to convert the 

multiplication by the worst case constant to a sequence of shift and addition operations. 
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4.3.3. Worst case constant 

 The worst case sequence of shift and addition operations that must be 

implemented is determined by the most costly constant. The analysis of Table 4 leads to 

the fact that the worst case constant is 23170dec and it consists of six non-zero digits, 

corresponding to five shift and five addition operations. It is part of the tracking module. 

The utilization of the worst case constant is a critical factor for the use of the 

worst case or the average case in the analysis, which will lead to the decision of the 

appropriate approach and FU for the implementation of the sequence of shift and addition 

operations. In Figure 36, the utilization of the constants in constant multiplications is 

shown. 

 

 

Fig. 36 Utilization of constants in multiplications for a) detection algorithm and b) tracking 
algorithm. 

 

It is noted that the constant utilization of the tracking algorithm is calculated for 

one iteration. Considering the fact that the detection algorithm is applied once over 75*10 

applications of the tracking algorithm, according to the application’s specifications (video 

sequence of 3 sec, 25 frame/sec, 10 iteration/frame), the utilization of the worst case 

constant is not negligible and, consequently, drives the constant analysis. 

The multiplication by the worst case constant is converted to sequence of shift 

and addition operations considering a parallel approach as it is illustrated in the Equation 

(11). Three SSA FU are necessary for achieving best performance, but with high cost in 

hardware requirements. The mapping of the worst case sequence of shift and addition 
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operations to the SSA3 FU is illustrated in Figure 37. It is noted that the number near 

each FU indicates each time the number of the used FU. 

 

Equation (11): 

 




dec

dec

23170 * a

00101000001-0-10 * a  23170 * a
 

 

 

Fig. 37 SSA3 FU for implementation of multiplication a * 23170dec 

 

In addition, the multiplication by the worst case constant is converted to a 

sequence of shift and addition operations considering the right shift sequential approach, 

as it is shown in Equation (12). In this case, five SA FUs are needed, leading to the SA5 

FU, that is illustrated in Figure 38.  

 

Equation (12): 

 

1 23170 * a

00101000001-0-10 * a  23170 * a

dec

dec
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Fig. 38 SA5 FU for implementation of multiplication a * 23170dec. 

 

Observing the implementations of the different approaches of the worst case 

sequence of shift and addition operations, a tradeoff is present between the number of 

cycles needed for its execution and the hardware requirements. Transformations to the 

worst case constant are applied in order to reduce its number of non-zero digits and 

furthermore the cost of the sequence of shift and addition operations. 

The first transformation that is applied to the worst constant consists of the 

reduction of its precision. The number of bits used for the representation of the decimal 

part of all the constants is reduced from 17 bits to 14 bits precision. The transformation is 

applied through the MATLAB simulation in order to verify that the new word-length 

meets the performance criteria. This is possible due to the fact that more degradation can 

be accommodated to the results deriving from the quantization analysis (Chapter 3). After 

the transformation, the worst case constant is 2896dec and it consists of five non-zero 

digits, corresponding to four shift operations and four addition operations. The 

implementation of the new worst case constant on the SSA3 FU is depicted in Figure 39 

and it is based on Equation (13), while the mapping on SA4 FU is depicted in Figure 40 

and it is based on Equation (14). 
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Equation (13): 

 

  01010000-0-10 * a  2896 * a dec  

 

Fig. 39 SSA3 FU for implementation of multiplication a * 2896dec 

 

Equation (14): 

 




 dec

 dec

2896 * a

 01010000-0-10*a 2896 * a
 

 

 

Fig. 40 SA4 FU for implementation of multiplication a * 2896dec 
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 In addition, the utilization of the constants in the multiplications is modified due 

to the applied transformation, as illustrated in Figure 41. 

 

 

Fig. 41 Updated utilization due to transformations of constants in multiplications for a) detection 
algorithm and b) tracking algorithm. 

 

The worst case constant is still dominant in the utilization of the constants; 

accordingly, further transformations are applied in order to reduce the number of non-

zero digits. The next transformation consists of the replacement of the actual worst case 

constant with another one, which has a nearby value, but that uses less non-zero digits for 

its representation. The transformation is applied through the MATLAB simulation scripts 

in order to verify that this new value of the worst case constant meets the performance 

criteria. After the transformation, the worst case constant is 2912dec and it consists of four 

non-zero digits, corresponding to three shift operations and three addition operations. The 

mapping of the new worst case constant to the SSA2 FU is based on Equation (15) and it 

is depicted in Figure 42, whereas its mapping to the SA3 FU is based on Equation (16) 

and it is depicted in Figure 43. 

 

Equation (15): 

 

) 00000-0-00-10 * a  2912 * a dec  aaaa  
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Fig. 42 SSA2 FU for implementation of multiplication a*2912dec. 

 

Equation (16): 

 

  00000-0-00-10 * a  2912 * a dec  

 

 

Fig. 43 SA3 FU for implementation of multiplication a*2912dec. 

 

 After the reduction of the non-zero digits of the worst case constant, the different 

constants that take part in constant multiplication operations are illustrated on the 

locations of Table 5.  
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Table 5: CSD coding of constants after applied transformations for reducing the cost of the non-
zero digits. 

Floating point  
precision 

Decimal  
Part 

Fixed point  
precision 

CSD 
Coding 

Non 
zero  

digits 
Detection     

0,08 13 655 101001000- 4 
0,12 13 983 10000-0-00- 4 
0,18 13 1474 10-00-000010 4 

2 0 2 10 1 
6 0 6 10-0 2 

Tracking     
0,25 14 4095 100000000000- 2 
0,23 14 3784 1000-0-001000 4 
0,18 14 2912 10-00-0-00000 4 
0,1 14 1567 10-00010000- 4 
2 0 2 10 1 
3 0 3 10- 2 
4 0 4 100 1 
5 0 5 101 2 
6 0 6 10-0 2 
7 0 7 100- 2 
8 0 8 1000 1 
9 0 9 1001 2 
10 0 10 1010 2 
11 0 11 10-0- 3 
12 0 12 10-00 2 
13 0 13 10-01 3 
14 0 14 100-0 2 
15 0 15 1000- 2 

 

4.4. Results 

 The position of the non-zero digits of the CSD coding of the constants specifies 

the shift factors that must by implemented by the shifters of the SSA FU with the parallel 

approach, while the difference between the positions of non-zero digits specifies the shift 

factors that must by implemented by the shifter of the SA FU with the sequential 

approach.  

 The mapping of the sequences of shift and addition operations of all the constants 

to the SSA FU and to the SA FU determines the factors that each shifter has to 

implement. The worst case constant determines the maximum number of each FUs in 
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order to execute the sequence in one cycle. The Table 6 illustrates the shift factors of all 

shifters while using different number of FUs for right shift sequential approach and for 

the parallel approach. 

 

Table 6: Shift factors of sequential and parallel approach for detection and tracking algorithm. 

Sequential Sh1 Sh2 Sh3 
Detection    

SA3 3 4 5 2 3 2 5 
SA2 3 4 5 2 3  
SA 2 3 4 5   

Tracking    
SA3 2 3 5 12 2 3 4 2 4 
SA2 2 3 5 12 2 4  
SA 2 3 4 5 12   

Parallel Sh1 Sh2 Sh3 Sh4 
Detection     

SSA2 1 3 4 3 5 6 7 9 10 11 
SSA 1 3 4 5 6 7 9 10 11   

Tracking     
SSA2 1 2 3 4 5 3 4 6 7 8 9 10 11 12 
SSA 1 2 3 4 5 6 7 8 9 10 11 12   

 

 It is noted that the SA3 FU corresponds to the use of three Shift Add Function 

Units. So the worst constant multiplication is implemented in one cycle, while the SA FU 

stands for one Shift Add Function Unit, where the worst constant multiplication needs 

three cycles in order to finish its execution.  

The use of the parallel approach leads to shift factors that are characterized by a 

potentially big range, a fact that leads to the need for complex shifters and as a 

consequence, an increase to the cost and to the energy consumption. In contrast, the shift 

factors of the right shift sequential approach have similar values, excluding the shift 

factor twelve. A local transformation is applied in order to decrease the shift factor of 

twelve. The value 4095dec is converted to 4096dec, a value that has one non-zero digit, so 

the multiplication is converted to one shift operations that can be performed without the 

use of a SA FU. The transformation is verified through MATLAB simulation in order to 

meet the performance criteria. Consequently, in the present study, the right shift 

sequential approach is considered for implementation due to the simplicity of its shift 

factors. The Table 7 is summarizing the final shift factors for SA FU and for the SAS FU, 
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which consists of the cascade of the SA FU with one shifter. The SAS FU can potentially 

be beneficial during the replacement of the constant multiplications of the application 

code, since the last shifter can be used for the preparation of the output of the 

multiplication for the next operation. 

 

Table 7: Final shift factors of sequential approach for detection and tracking algorithm. 

Sequential Sh1 Sh2 Sh3 
Detection    

SA3 3 4 5 2 3 2 5 
SA2 3 4 5 2 3  
SA 2 3 4 5   

Tracking    
SA3 2 3 5 2 3 4 2 4 
SA2 2 3 5 2 4  
SA 2 3 4 5   

Detection    
SAS 2 3 4 5 2  

Tracking    
SAS 2 3 4 5 2  

 

The right shift sequential approach is considered for the remainder of the present 

study due to the use of small shift factors. The right shift sequential approach is 

considered for implementation on the SA FU, which uses one Shift Add Functional Unit, 

or on the SASA FU, which consists of two Shift Add Functional Units or on the SAS FU, 

which consists of one Shift Add Shift Functional Unit.  

In conclusion, due to the applied bit true and approximation conversion of the 

constant multiplications to sequences of shift and addition operations, it is feasible to 

reduce the complexity of these sequences at the expense of controlled degradation of the 

constants that take part into constant multiplications. 
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4.5. Energy aware design of ASIP-VLIW 

4.5.1. Introduction 

An extremely low-cost low-energy implementation of the described 

biotechnology application is the main goal of the present study, so energy aware design 

exploration is important. The energy estimation is often only performed at the final stage 

of the design, when the hardware is completely fixed and gate level simulations are 

possible. This approach restricts extensive energy driven architecture exploration that 

takes into account the impact of the compiler and all the possible transformations on the 

source code.  

When the designers are optimizing applications for a given architecture, they try 

to minimize the energy consumption by improving other metrics like a reduction in the 

number of memory accesses. However, this indirect way is inconclusive for more 

complex trade-offs, like the introduction of extra operations in order to minimize 

accesses to the data memory, which accordingly increases the accesses to the instruction 

memory. To correctly and effectively perform this type of broad search space 

explorations or path finding, an integrated energy-aware estimation flow is needed. 

Decisions at different levels of abstraction have an impact on the efficiency of the final 

implementation, from algorithmic level choices to source level transformations and all 

the way down to micro-architectural changes. Consequently, the designers need an 

exploration tool with which they can evaluate the impact of various optimizations, either 

in the source code, in the compiler or in the architecture, in terms of energy and 

performance. 

The COFFEE (Compiler Framework For Energy-aware Exploration) is an 

exploration tool that supports energy and performance estimation at higher abstraction 

levels of the design. Aided with user-inserted intrinsics, it can map application C codes to 

a broad range of processors and memory configurations, while it can simulate and report 

detailed performance and energy estimates.  

The biotechnology application, as it has already been mentioned, can be 

implemented on embedded systems that can consist of a number of processors, custom 
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hardware and memories. In the present study attention is paid on programmable 

processors (ASIPs) that include special purpose Functional Units (FUs), which improve 

the energy efficiency of the developed biotechnology application. The design of the 

target application consists of fixing the Instruction Set Architecture (ISA), the processor 

style, the sizes of memories, the sizes of register files (or foreground memory in general) 

and the connectivity between these components. Aiming to low-energy and low-cost 

implementation of the biotechnology application, a wide architecture exploration is 

needed in order to lead to better processor designs, while taking into account all parts of 

the system.  

 The architecture exploration through COFFEE tool gives the ability of modifying 

different parameters in the processor design, while producing performance and energy 

estimation for the target application mapped on each processor platform alternative. The 

parameters that can be modified in the platform design are the instruction memory 

hierarchy, the data memory hierarchy, the processor’s data path, the processor’s pipeline 

depth and the register file size.  

Regarding the Instruction Memory Hierarchy (IMH), a traditional instruction 

memory is activated every cycle to fetch new instructions. Especially in wide 

architectures, like VLIWs, the IMH can be one of the most energy consuming parts of the 

system. Design space exploration of the IMH can therefore have a large overall effect on 

the processor energy efficiency. Through the COFFEE tool, the IMH can be simulated as 

a cache, a scratchpad or a multi-level hierarchy. In addition, Loop Buffers (LB) can be 

used, like those used by the state of the art processors. The LBs are small memories 

which contain the instructions for one nested loop. They reduce the energy consumption 

of the IMH by exploiting the locality when executing loops. The Program Counter (PC) 

fetches instructions from the Level 1 (L1) instruction memory cache and executes them 

on the FUs. The loops are loaded from the L1 cache to the LB when the loop starts. 

During the loop execution, the Loop Controller (LC) fetches the instructions from the LB 

instead of the L1 cache and iterates over the instructions of the loop in the buffer. The 

COFFEE framework supports automatic identification and loading of loops into the LBs. 

Also distributed LBs can be modeled [15]. 
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The different supported configurations of the IMH consist of the conventional L1 

configuration, where the Program Counter (PC) fetches instructions from the L1 

instruction cache and executes them on the FUs, the centralized LB configuration, where 

the loops are loaded from the L1 to the LB, and the distributed LB configuration. In the 

latter case, the LB depth and width can be customized to the application loop size for 

every slot to minimize energy consumption, but normally all the LBs are still controlled 

by a single LC. More complex loop buffer organizations, where every LB is controlled by 

a separate LC, are also supported by COFFEE. The different configurations of the IMH 

are illustrated in Figure 44. 

 

 

Fig. 44 Available IMH organizations in COFFEE tool. 

 

The extended COFFEE simulator supports complete Data Memory Hierarchy 

(DMH) simulations, both for software controlled caches (ScratchPad Memories-SPMs) 

and hardware caches. The COFFEE assists the designer when selecting a cache or a 

scratchpad, by reporting energy and performance results. In this way target application 

characteristics can be taken into consideration during the decision for the DMH. 

The processor’s data path can be modeled with different styles of embedded 

processors, from small RISC processors with a single slot, to wide VLIW processors with 

many heterogeneous execution slots. The multiple slots can execute instructions in 
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parallel, and can internally consist of multiple FUs that are executed mutually 

exclusively. The number of slots and the instructions that can be executed by each slot is 

determined by the FUs in that particular slot and can be specified in the XML machine 

description file. The COFFEE framework provides a user-friendly XML schema to add 

new FUs and specify its properties. The new FUs can be added to the architecture, the 

compiler and the simulator easily by modifying the machine description and adding the 

behavior of the new instruction (in C) to the intrinsic library. During the simulation, the 

operation’s latency, the operands’ specification, the pipelining and the association of the 

FU to a certain slot are correctly taken into account. Moreover, different data path widths 

can be supported and by varying the width and number of slots, thereby the trade off 

between Instruction Level Parallelism (ILP) and Data Level Parallelism (DLP) can be 

explored.  

The pipeline depth of the processor can be specified in the machine description 

and the compiler effectively schedules operations onto pipelined FUs. Based on the 

activity, the energy consumption of the pipeline registers is automatically estimated. This 

is crucial for architectures with deep pipelines and for wide SIMD architectures, where, 

in both cases, the number of pipeline registers is large and it accounts for a significant 

amount of the energy cost and performance. 

The Register Files (RFs) are known to be one of the most power consuming parts 

of the processor. Hence, it is important to ensure that the RF design space is explored 

properly. The COFFEE flow can handle centralized RFs, clustered RFs, with or without a 

bypass network between the FUs and the RFs. The size, the number of ports and 

connectivity of the RFs are specified in the machine description file. Also an extension to 

a much more energy-efficient foreground memory organization, using very wide registers 

(VWRs) [16] is considered, but only through the use of intrinsics. 

 

4.5.2. Initial architecture exploration  

The generic architecture used in COFFEE tool for the exploration of the potential 

processors, on which the biotechnology application can be mapped, consists of the 

 69



Instruction memory Level 1 cache (IL1), the LB, the Data memory Level 1 cache (DL1), 

the RFs or VWRs, and the processor’s data clusters and slots, which contain the FUs, as 

illustrated in Figure 45. During architecture exploration, different numbers of data 

clusters, slots per data cluster, registers in the RFs or words in the VWRs, and positions 

in the LB are used. The main goal of architecture exploration is to find the most 

promising ASIP instances that are characterized by low-energy consumption and low-

cost, while they maintain or even increase the maximal performance. 

 

 

Fig. 45 Generic architecture used in COFFEE tool 

 

The benchmark used for the architecture exploration is the fixed point 

representation of detection algorithm of the biotechnology application. The developed 

methodology can however also be applied to the fixed point representation of the tracking 

algorithm. Mapping the benchmark using the COFFEE tool to architectures with different 

numbers for data clusters, slots per data cluster, size of the RF size and depth of the LB, 

the tool set also provides the overall Pareto curve, which is illustrated in Figure 46. The 

curve is normalized to the architecture with the worst energy consumption and to the 

architecture with the worst performance. 
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Fig. 46 Pareto curve of initial architecture exploration. The numbers for each point stand for 
number of data clusters _ number of slots per data cluster _ RF size _ LB depth. 

 

  The pareto points of the Figure 46 indicate architectures that consist of one data 

cluster, two slots per data cluster, RF size equal to 16 or 64 and LB depth equal to 64 or 

128. The execution of the above experiment aims at the reduction of the architecture 

exploration space, while it gives a first estimate of the energy consumption. The energy 

estimation of the pareto point 2 is depicted in Figure 47. 
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Fig. 47 Energy pie of point 2, where PR stands for Pipeline Registers, FU for Function Units, RF 
for Register File, DM for Data Memory and IM for Instruction Memory. 

 

It should be stressed that a lot of already known and partly well developed 

methodologies exist for the reduction of the IM energy, the PL energy, the RF energy and 

the DM energy. The present study is focusing on the further reduction of the data path 

energy, initially, by applying conversion of the constant multiplications to sequences of 

shift and addition operations [21] and then by combining the conversion with Soft-SIMD 

techniques [21][22][23]. The introduction of new FUs impacts not only on the FU 

energy, but also on the rest energies. Even if the FU energy is shown negligible on the 

above example, transformations that will be applied will affect the rest of the energies, as 

it will be shown later on this chapter. The insertion of new FUs affects the structure of the 

IMH, and especially the structure of the LB. The IM energy is dominant due to the fact 

that the LB energy is overestimated. The default LB width is equal to 32 bits per slot and 

its depth is equal to 128 positions. That LB is oversized though; accordingly, in order to 

specify the really required IM energy consumption, the actual needed size of the LB has 

to be determined. Moreover, the insertion of the new FU affects the ISA of the processor 

and so also the PL energy. In addition, the RF energy is depending on the RF size, so the 

minimum needed RF size should be estimated for the biotechnology application. Finally, 

the DM energy consumption can be reduced by applying methodologies like ADOPT and 

DTSE [17].    
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4.5.3 Performance requirements of the biotechnology application 

 The biotechnology application, as it has been already mentioned, is used in on-

line monitoring systems, which means that the performance of the application must meet 

some hard performance requirements. The video sequence that is used in the present 

study lasts 3 sec with 25 frames/sec. Within the 3 sec, the detection is applied once in the 

first frame and then the tracking algorithm is applied at the same frame, while for the rest 

of the frames only the tracking algorithm is applied, as it is shown in Figure 48. 

 

 

Fig. 48 Specifications of biotechnology application. In the video sequence of 3 sec, the detection 
algorithm is applied at the first frame and for the rest of the frames only the tracking algorithm is 
performed. 

 

 Considering a clock with frequency equal to 200 MHz, the available time between 

two consecutive frames is then equal to 0.04 sec and the available cycles for performing 

both the detection and the tracking algorithm are: 

 

Equation (17): 

 

cycles 8000000  MHz 200 * sec 0.04 clk  /  timeAvailable  cycles Available    

 

 

Fig. 49 The time between two sequential frames is equal to 0.04 sec and is the available time in 
order to perform both the detection and the tracking algorithm. 
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4.5.4. Representative code of the detection algorithm 

The representative code of the detection algorithm is used for providing a crude relative 

energy and cycle count comparison between the multiplications and the different 

approaches of implementing the sequence of shift and addition operations. The critical 

multiplication loop is defined as the loop that has the maximum number of constant 

multiplications of the whole biotechnology application. The critical multiplication loop is 

the loop that applies the Gauss filter to the frame in the detection algorithm.  

The minimum RF size is recalculated and it is equal to the one that the COFFEE 

tool can schedule, whereas the LB depth is determined by the scheduling of the 

benchmark. The RF size is illustrated in Figure 50 and the LB depth in Figure 51 for the 

different implementations. 

 

 

Fig. 50 RF size for the original code of the application of the Gauss loop using the 
implementation with the multiplier FU and with the SA, SASA FU and SA FU. 
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Fig. 51 LB depth for the original code of the application of the Gauss loop using the 
implementation with the multiplier FU and with the SA, SASA FU and SA FU. 

 

 The performance of the critical multiplication loop for the different 

implementations of the constant multiplications is illustrated in Figure 52. 

 

 

Fig. 52 Performance of the original code of the application of the Gauss loop using the 
implementation with the multiplier FU and with the SA, SASA FU and SA FU. 

 

 From the Figure 52, the implementation using multiplications and the 

implementations using sequences of shift and addition operations do not have a great 

difference on the performance. The energy consumption is illustrated in Figure 53 for the 
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implementation that uses multiplications respectively for the implementations that use 

sequences of shift and addition operations. Since the actual numbers are not fully 

accurate yet, they are illustrated for a crude relative comparison between the different 

implementations of the constant multiplications.  

 

 

Fig. 53 Crude energy estimation for the original code of the application of the Gauss loop using 
the implementation with the multiplier FU and with the SA, SASA FU and SA FU. 

 

After transformations to the critical multiplication loop the code is converted to 

sequences of shift and addition operations using the SA, SASA and SAS FUs. The results 

for the different implementations of the constant multiplications performed in the 

transformed critical multiplication loop for the explored architectures are compared in 

Figures 54, 55, 56 and 57 for the RF size, the LB depth, the scheduling, the performance 

and the energy consumption. 
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Fig. 54 RF size comparison of the original application of the Gauss filter through a coefficient 
square matrix and of the transformed code for the implementation with the multiplier FU and the 
implementation with the SA, SASA and SAS FU. 

 

 

Fig. 55 LB depth comparison of the original application of the Gauss filter through a coefficient 
square matrix and of the transformed code for the implementation with the multiplier FU and the 
implementation with the SA, SASA and SAS FU. 
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Fig. 56 Performance comparison of the original application of the Gauss filter through a 
coefficient square matrix and of the transformed code for the implementation with the multiplier 
FU and the implementation with the SA, SASA and SAS FU. 
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Fig. 57 Energy comparison of the original application of the Gauss filter through a coefficient 
square matrix and of the transformed code for the implementation with the multiplier FU and the 
implementation with the SA, SASA and SAS FU for a) 2_1, b) 2_2, c) 1_1 and d)1_2 generic 
VLIW architectures. 
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 Based on the above results, the code transformations increase the LB depth by a 

small factor but this is reflected as gain to the RF size, which is set to 16 registers. In 

addition, an increased performance and reduced energy consumption for all the 

considered generic VLIW architectures is observed 

 

4.5.5. Detection algorithm 

The architectures that are considered for further exploration consist of the ones 

that they provide parallelism, e.g. the architecture with one data cluster and two slots 

(1_2) and the architecture with two data clusters and two slots (2_2). The next step 

consists of removing the irredundant FUs of the VLIW architectures in order to reduce 

their cost and to create thin ASIP architectures. The thin ASIP architecture for the 1_2 

case is illustrated in Figure 58, while the thin ASIP architecture 2_2 is formed by 

duplication of the data cluster of the thin ASIP architecture 1_2. 

 

 

Fig. 58 Thin ASIP architecture with one data cluster and two slots per data cluster(1_2) 

 

However, in order to indicate the final ASIP architecture a more accurate 

modeling and more cost-effective mapping of the detection algorithm is needed. The 

correct performance and energy consumption for the GSA and GSAS FUs are used, while 

the unconverted operations of the benchmark are modeled through intrinsics. Further 

work is needed to convert the trigonometric functions, square roots and divisions of the 
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code of the biotechnology application to sequences of shift and addition operations. The 

trigonometric and the square root functions can be converted with a CORDIC 

implementation [8][9][10], whereas the division can be achieved also with iterative 

methods based on shifts and additions. New intrinsics that simulate the behavior of the 

above operations are introduced to COFFEE tool for the correct modeling of the 

benchmark. In order to have a good approximation of the needed execution time, the 

trigonometric and square root functions have an execution time hat is equal to their 

output word-length, whereas the execution time of the division is equal to the word-

length of the denominator plus one. Furthermore, no pipeline is allowed for either the 

GSA and the GSAS FUs or for the new intrinsics.  

The next two applied steps consist of further code optimizations focusing on the 

operations and FUs. The variable multiplications are converted using multiple precision 

multipliers of 4 bits [25][26]. In this case, the longer multiplication size is modeled by 

breaking up the operands into 4 bit segments and then accumulating the 4 by 4 bit partial 

multiplier results. When we start initially with a 16 by 16 bit multiplication, we end up 

with 16 partial multiplier results to be added up with the appropriate alignment shifts. 

Their behavior is introduced through the COFFEE tool using new intrinsics, each one 

with the appropriate execution time depending on the word-length of the two inputs of 

the multiplication. Moreover, the multiplications applied to the indexes of the arrays are 

pre-calculated and the results are stored in a Look Up Table (LUT). During the execution 

of the detection algorithm, the values of the multiplications are deriving directly from the 

LUT. In addition, the loop that applies the conversion to the binary image and the loop 

that calculates the least square methods are merged in order to remove unnecessary if 

statements. 

The transformed detection algorithm with the code optimizations applied to it is 

mapped through the COFFEE tool to the FAT (Generic VLIW) and to the THIN (ASIP) 

architectures using the GSA FU and the GSAS FU. The results for the LB depth, the 

performance and the energy are compared in Figures 59, 60 and 61. 
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Fig. 59 LB depth comparison of the detection algorithm with and without the loop optimizations 
for the implementation with the multiplier FU and the implementation with the GSA and GSAS 
FU. 

 

 

Fig. 60 Performance comparison of the detection algorithm with and without the loop 
optimizations for the implementation with the multiplier FU and the implementation with the 
GSA and GSAS FU. 
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Fig. 61 Energy comparison of the detection algorithm with and without the loop optimizations for 
the implementation with the multiplier FU and the implementation with the GSA and GSAS FU. 
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Data parallelization: Single Instruction Multiple Data 

(SIMD) 

 

5.1. Introduction 

The Single Instruction Multiple Data (SIMD) instructions are used to increase the 

performance of applications since they execute one instruction on different data at the 

same time. The SIMD exploits the data parallelism that is contained in applications, for 

e.g. in multimedia. It can be performed using hardware or software. 

 

  

Fig. 62 Application of SIMD. Instead of having one operand for one data with small word-length, 
different data are combined intone packed word. 

 

The Hardware SIMD (Hard-SIMD) is currently used by energy efficient high 

performance processors, which provide special hardware in their data path to support 

combinations of sub-words of the same length, e.g. 1x64bits, 2x32bits, 4x16 bits or 8x8 

bits. The limited number of different sub-words sets the ceiling of the data to the next 
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available power-of-2 hardware sub-word, which leads to unused bits and therefore loss in 

efficiency. Moreover, different Hard-SIMD implementations are incompatible with each 

other, due to the fact that each implementation provides a number of SIMD and a set of 

pack and unpack instructions based on the target architecture, leading to low portability 

of the application. 

 

 

Fig. 63 Hardware SIMD with 16 bits sub-words. 

 

The Software SIMD (Soft-SIMD) is independent of the target architecture 

providing portability of the application. The Soft-SIMD does not require specific 

hardware support and as a result of this, additional instructions must be inserted in order 

to guarantee the functional correctness. Hence, the Soft-SIMD speed up in performance is 

lower than for the Hard-SIMD, but due to the flexibility of the sub-words it can explore 

the word-length information by making more efficient combinations.  

 

 

Fig. 64 Software SIMD with different sub-words. 

 

The Soft-SIMD can improve the performance, the energy efficiency and the 

flexibility. By applying SIMD, Soft or Hard, the increase in parallelism leads to reduction 

in the number of operations performed on the data and of accesses to the instruction 

memory. As fewer operations have to be scheduled, performance can be improved. For 

Soft-SIMD, care must be taken in order not to lose the obtained gain due to the insertion 

of the extra operations for correction, such as packing and masking operations. Soft-

SIMD is able of packing different sub-words leading to more efficient parallelization and 

also enables the usage of SIMD in applications that cannot benefit from Hard-SIMD, e.g. 
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the applications where the minimum sub-word is larger than the supported sub-words in 

hardware. 
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Energy estimation 

 

6.1. Introduction 

 

 As already stressed in Chapter 4 and 5, the energy estimation derived from the 

COFFEE tool is inaccurate due to the sub-optimal modeling of the new inserted FUs that 

are implementing the new intrinsics. The purpose of the present Chapter is the accurate 

estimation of the energy that is consumed in the data path of the processor. The energy 

consumption of the data path of the processor is divided into the FU energy and the 

energy that is consumed in the distributed LB which is responsible for storing the control 

bits for the correct execution of the instructions.  

In the subsequent subsections, the consumed energy for the transformed 

sequential critical multiplication loop of the 2D Gauss filtering will be estimated initially 

and it will be compared with the original code. Then, the effect of the application of the 

Soft-SIMD on the critical multiplication loop will be compared with the sequential 

version of the code. Moreover, an estimation of the overall proposed architecture for 

mapping the Soft-SIMD will take place. Finally, an estimation of the energy gain for the 

whole detection algorithm due to the bit true and approximate optimizations will be 

performed. The energy estimation of the data path of the processor will be applied for the 

architecture with one data cluster and two slots per data clusters, which seems to be the 

most attractive one. 
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6.2. Critical multiplication loop – 2D Gauss filtering 

6.2.1. Data path energy estimation for ASIP-VLIW mapping  

 The data path energy of the processor consists of the energy that the FUs are 

consuming and the consumed energy of the LB, which stores the control bits of the FUs.  

The background and foreground data memory operations and the instructions 

corresponding to address computation are outside the scope of the present study. The 

have been the subject of a separate activity which is reported in [27]. For the energy 

estimation is considered a 40 nm TSMC technology, a clock with frequency equal to 

200MHz and a data path width equal to 16 bits. The Table 8 illustrates the energy that 

each FU consumes. The adder and shifter are based on accurate synthesis results, starting 

from VHDL code. The shifter is assumed to have a limited shift factor though. When that 

shift factor goes up to the required range of 5 bits, the power will go up to about 40 μW. 

However the total power for the entire SA datapath logic should not exceed 100 μW, 

including the power of the pipeline register and the muxes. For the 16*16 bit multiplier a 

rather optimistic estimate has been made, because some results indicate a loss of up to a 

factor of 20 compared to a 16 bit adder. 

 

Table 8: Power and energy consumption for the different FUs. 

FU Power per activation 
(μW) 

Energy per activation 
(fJ) 

Multiplier 810  4050 
Adder 45 225 
Shifter 20 100 
SA 100 500 
 

 The FU energy is estimated by Equation (18), where the EM is the energy 

consumed by one activation of the multiplier and ESA the energy consumed by one 

activation of the SA FU. In order to estimate the total energy consumed, the above 

energies should be multiplied by the total number of activations, respectively. 
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Equation (18):    SA)# * (E  MUL)# * (E  E SAMFU   

 

The total number of activations is equal to the number of operations performed in 

one iteration of the loop multiplied by the total number of iterations. The operations 

performed in one iteration of the loop are derived from the scheduling of the COFFEE 

toolexcluding the operations that are responsible for the addressing of the operands and 

the load and store instructions. The energy estimation of the FUs of the architecture with 

1 data cluster and two slots for the critical multiplication loop is depicted in Figure 65. 

 

 

Fig. 65 FU energy comparison of original critical multiplication loop implemented to multiplier 
FU and transformed critical multiplication loop implemented to SA FU. 

 

The LB energy is estimated by two bounds, one pessimistic and one optimistic. 

The ERMul and ERSA is the required energy for reading one instruction of multiplication 

and one instruction of SA from the LB, respectively. The energy for reading one 

instruction is calculated by multiplying the energy consumed when reading one Flip Flop 

(FF) (EFF=5 fJ) by the number of required FFs for storing the instruction, e.g. the width of 

the instruction W. The WMUL and WSA are the necessary control bits for each instruction, 

e.g. 6 bits for the SA and 12 bits for the multiplier. In order to estimate the total energy 

consumed by the LB, the energy of each instruction should be multiplied by the total 

number of reads. The optimistic approach is calculated by Equation (19). Here is 

assumed that selecting the appropriate LB word to be read is not reflected in the access 

energy, which provides of course only a lower bound. 
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Equation (19):    SA# * E  MUL# * E  E RSAlRMuLBopt   

 

where: ERMul = EFF * WMUL 

ERSA = EFF * WSA 

 

 In the most pessimistic energy estimation of the LB it is assumed that the read 

energy is proportional to the depth of the LB, as shown in Figure 66. The consumed 

energy is calculated from the Equation (20). The reality will be in between of these 

bounds but the upper bound is selected for further experiments to ensure that the overall 

gains are not overestimated later on. 

 

 

Fig. 66 LB structure. 

 

Equation (20):    DEPTHLBOPTLBpess LB * E  E   

 

The energy estimation of the LB for the architecture with 1 data cluster and two 

slots for the critical multiplication loop is depicted in Figure 67. 
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Fig. 67 LB energy comparison for pessimistic and optimistic approach of original critical 
multiplication loop implemented to multiplier FU and transformed critical multiplication loop 
implemented to SA FU. 

 

6.2.2. Energy estimation for Soft SIMD mapping  

 The data path energy of the processor consists of the energy that the FUs are 

consuming and the consumed energy of the LB, which stores the control bits of the FUs.  

The data memory operations and the instructions corresponding to address computation 

are outside the scope of the present study. For the energy estimation 40 nm TSMC 

technology is considered, a clock with frequency equal to 200MHz and a data path width 

equal to 48 bits. The Table 9 illustrates the energy that each FU consumes. The shuffler is 

based on a very worst-case older VHDL synthesis experiment [18][19]. It should be 

possible to improve this energy estimation significantly based on module generation with 

a more optimized routing algorithm. In addition, the SA power is overestimated as it is 

assuming a factor of 3 more power for the 48 bit data path compared to the initial one for 

the 16 bit data path. 

 

Table 9: Power and energy consumption for different FUs. 

FU Power per activation 
(μW) 

Energy per activation 
(fJ) 

Shuffler 360 1800 
SA 300 1500 
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The FU energy is estimated by Equation (21), where the EFUx is the energy 

consumed by the activation of the FU due to the instructions of Soft-SIMD on x and the 

EFUy due to the instructions of Soft-SIMD on y. In order to estimate the total energy 

consumed, the above energies should be multiplied by the total number of activations, 

respectively. It should be stressed once again that the operations performed in one 

iteration of the loop are derived from the scheduling of the COFFEE tool. But the 

operations that are responsible for the addressing of the operands and the load and store 

instructions have been excluded because these are executed on a separate AGU unit.  

 

Equation (21):    FUy FUxFU E  E  E   

  

where: EFUx= (ESA* #SAx) + (ES * #Sx)   

EFUy= (ESA* #SAy) + (ES * #Sy) 

 

 Removing the load store instructions and applying a scheduling the energy 

estimation of the FUs of the architecture with 1 data cluster and two slots for the critical 

multiplication loop is estimated and depicted in Figure 69. 

 

 

Fig. 68 FU energy comparison of sequential critical multiplication loop implemented to SA FU 
and parallel critical multiplication loop using Soft-SIMD implemented to Shift-Add- Shuffler FU.  
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The LB energy is estimated by the pessimistic approach. The ERSAS is the required 

energy for reading one instruction from the LB, respectively. The energy for reading one 

instruction is calculated by multiplying the energy consumed when reading one Flip Flop 

(FF) (EFF=5 fJ) by the number of required FFs for storing the instruction, e.g. the width of 

the instruction W. The WS and WSA represent the necessary control bits for each 

instruction, e.g. 6 bits for the SA and 4 bits for the shuffler. In order to estimate the total 

energy consumed by the LB, the consumed energy of each instruction should be 

multiplied by the total number of reads. It should be stressed that while unrolling the 

operations the LB reads are not increasing, due to the fact that the same instruction is 

applied to different data. Applying again the pessimistic approach results in Equation 

(22). 

 

Equation (22):    LBy LBxLB E  E  E   

 

where: ELBx = ELBpessx 

 ELBx = ELBpessy 

ELBpessx= (EFF * (WSA+WSF)*LBdepth*#SASx 

ELBpessy= (EFF * (WSA+WSF)*LBdepth*#SASx 

 

The energy estimation of the LB the architecture with 1 data cluster and two slots 

for the critical multiplication loop is depicted on Figure 70. 
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Fig. 69 LB energy comparison of sequential critical multiplication loop implemented to SA FU 
and parallel critical multiplication loop using Soft-SIMD implemented to Shift-Add- Shuffler FU. 

 

6.3. Detection algorithm  

The estimation for the data path energy consumption of the detection algorithm is 

performed for the mapping of the detection algorithm to the ASIP-VLIW with one data 

cluster and two slots per data cluster. The data path energy of the processor consists of 

the energy that the FUs are consuming and the consumed energy of the LB, which stores 

the control bits of the FUs.  The background and foreground data memory operations and 

the instructions corresponding to address computation are outside the scope of the present 

study.  

A similar methodology as the one that has been applied for the energy estimation 

of the critical multiplication loop, can be also applied for the data path energy estimation 

of the detection algorithm. Assuming 40 nm TSMC technology, a clock with frequency 

equal to 200MHz and a data path width equal to 16 bits. Then, Table 10 illustrates the 

energy that each FU consumes.  
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Table 10: Power and energy consumption of different FUs 

FU Power per activation 
(μW) 

Energy per activation 
(fJ) 

Multiplier 810  4050 
Adder 45 225 
Shifter 20 100 
SA 100 500 
GSAS 180 900 
 

 The FU energy can be estimated by Equation (19) taking into account the whole 

code of the detection algorithm. The consumed energy is approximated by the most 

dominant part of the code which is the loops that iterate through the whole image. The 

energy estimation of the FUs of the architecture with 1 data cluster and two slots for 

detection algorithm is depicted in Figure 71. 

 

 

Fig. 70 FU energy comparison of the original detection algorithm implemented to multiplier FU 
and transformed detection algorithm implemented to SA FU. 

 

The LB energy is estimated again by the pessimistic approach where it is assumed 

that the read energy is proportional to the depth of the LB and it can be calculated by 

Equation (20). The energy estimation of the LB for the architecture with 1 data cluster 

and two slots for the detection algorithm is depicted in Figure 72. 
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Fig. 71 LB energy comparison of the original detection algorithm implemented to multiplier FU 
and transformed detection algorithm implemented to SA FU. 
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Conclusions  

The purpose of this study is a low-cost low-energy implementation of a 

biotechnology application, which is used for on-line monitoring in the domain of 

precision livestock farming. This implementation has been achieved through a set of 

systematic methodologies applied to the biotechnology application, such as the advanced 

fixed point refinement of the signals in the application (leading to a wide range of 

different word-lenghts), the efficient conversion of the constant multiplications to 

sequences of shift and addition operations, and finally the effective application of the 

Soft-SIMD approach. 

 After an extensive analysis of the biotechnology application and its translation to 

the C programming language, the application has been converted to fixed-point 

arithmetic. The dynamic range analysis and the precision analysis have lead to different 

and widely varying variable word-lengths for the signals used by the application. The 

word-lengths that have been estimated are up to sixteen bits and they have been used for 

the transformation to the fixed point representation of the biotechnology application, 

leading to a reduction of the required data path width of the application’s operands. In the 

Soft-SIMD version where different signals are concatenated in a very wide data-path, this 

leads to even larger savings. 

The need for a low-cost and low-energy implementation leads to the reduction of 

the most costly operations, namely the multiplications, through a conversion to sequences 

of shift and add operations. In particular, different approaches have been explored for the 

conversion of the constant multiplications. The results have indicated that the most 

optimal variant makes use of the right shift sequential approach due to the fact that both 

the required shift factors and the data path width are smaller than the other approaches. 
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Moreover, a reduction in the number of multiplication operations and shift and addition 

operations per multiplication operation has been achieved by careful constant 

quantization combined with several code transformations to reduce the energy 

consumption.  

Next, a thorough exploration has been performed of the possible ASIP 

architectures, which can integrate the critical constant multiplication loop of the 

biotechnology application. This is based on the introduction of different Function Units 

(FUs) and connection structures that implement the sequences of shift and add 

operations. Finally, packing different variables with small word-lengths into one packed 

word has enabled the data parallelization of the application. The critical constant 

multiplication loop has been explored for data parallelization using Soft-SIMD 

techniques involving very advanced scheduling and shuffling optimizations. This has 

allowed to significantly reduce the overhead that is normally involved in the instruction 

and data memory hierarchy. The former has been made nearly negligible by the 

exploitation of a special form of distributed loop buffers. And the data memory 

organization has been heavily reduced in energy impact by the exploitation of very wide 

registers and ultra-low power SRAM access schemes.  

Based on all these advanced optimizations and broad search space explorations, a 

heavily optimized ASIP architecture has been proposed with low-cost ultra low-energy 

consumption while still meeting all the performance requirements. The performance gain 

for the critical Gauss filtering loop of the biotechnology application is illustrated in 

Figure 72. 
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Fig. 72 Performance of the critical multiplication loop for the different implementations. 

 

Observing the results of Figure 72, the obtained performance gain due to 

quantization techniques that lead to the fixed point refinement of the critical 

multiplication loop is equal to 5.14. The application of bit true code transformations in 

order to reduce the number of the constant multiplications and furthermore to reduce the 

number of shift and addition operations, has a performance gain equal to 1.76. The 

conversion from constant multiplications to shift and addition operations does not have a 

great impact of performance, while it will enable the application of Soft-SIMD and the 

significant reduction of the energy consumption, especially in the instruction and data 

memory hierarchies. Finally, the enabling of data parallelization due to Soft-SIMD has as 

result a further gain factor of 2.42. The total performance gain for the critical constant 

multiplication loop is actually equal to 29.63. Energy gains are expected by fully 

avoiding the multiplication operations. The data path energy estimation of the processor 

with one data cluster and two slots per data cluster is depicted in Figure 73. 
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Fig. 73 Data path energy consumption of the critical multiplication loop for the different 
implementations. 

 

Observing the results of Figure 73, the obtained energy gain of the data path of 

the processor due to the conversion from fixed-point constant multiplications to shift and 

addition operations, while applying code transformations in order to reduce the number 

of the constant multiplications and to reduce the number of shift and addition operations, 

has resulted in a gain equal to 5.25. Finally, the enabling of data parallelization due to 

Soft-SIMD has as result an additional gain factor of 1.22. The latter is however an 

underestimate because several pessimistic estimates have been included here, and the 

main expected gain is situated in the data-memory organization [27]. The reference for 

this is an already optimized fixed-point version where the word-lengths have been 

heavily optimized compared to the initial 64-bit floating point version. 

A first estimate of the energy in the SRAM and VWR based on an initial and on 

an optimal scheduling on the Shift-Add-Shuffler FU leads to the total energy that is 

depicted on Figure 74.  
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Fig. 74 Total energy estimation of the Gauss loop for the implementation with multiplier, SA and 
Soft-SIMD. 

 

The obtained energy gain of the processor due to the conversion from fixed-point 

constant multiplications to shift and addition operations, while applying code 

transformations in order to reduce the number of the constant multiplications and to 

reduce the number of shift and addition operations, has resulted in a gain equal to 4.45. 

Finally, the enabling of data parallelization due to Soft-SIMD has as result an additional 

gain factor of 9.31. The data path energy is clearly dominant now compared to the energy 

consumption of the data background memory and the VWR foreground memory for the 

Soft-SIMD. Note that also the instruction memory overhead (the loop buffer mainly) 

represents only 0,08 % of the total energy.  

Furthermore, the conversion of constant multiplications to shift and addition 

operations has been performed for the whole detection algorithm. More generic Function 

Units (FUs) that implement the sequences of shift and add operations have been 

introduced in order to be able to integrate the whole detection algorithm. This has 

enabled to also convert costly operations like division, square root and trigonometric 

functions. Also here, a thorough exploration of the most promising ASIP architectures, 

which can integrate the biotechnology application, has been performed. The overall 

performance gain for the detection algorithm of the biotechnology application is 

illustrated in Figure 75. 
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Fig. 75 Performance of full detection algorithm for the different implementations. 

 

Observing the results of Figure 75, the obtained performance gain due to 

quantization techniques is equal to 4.5. The conversion from constant multiplications to 

shift and addition operations and the mapping of the detection algorithm to GSAS FU, 

while applying bit true code transformations, such as multiple precision multiplier and 

Look Up Tables, has a performance gain equal to 1.46. Finally, the total performance 

gain is equal to 6.66. Based on the experiments of the critical multiplication loop, we 

expect that the enabling of data parallelization due to Soft-SIMD will lead to even better 

performance gains. The detection algorithm that uses the multiplier FU has 1/6 of the 

total operations equal to multiplication operations. By reducing the required 

multiplication operations to a small number that is implemented in a 4 bit multiplier 

further energy gains are expected. The data path energy estimation of the processor with 

one data cluster and two slots per data cluster is depicted in Figure 76. 
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Fig. 76 Data path energy estimation of the full detection algorithm for the different 
implementations. 

 

Observing the results of Figure 76, the obtained energy gain of the data path of 

the processor due to the conversion from constant multiplications to shift and addition 

operations, while applying code transformations in order to reduce the number of the 

multiplications is equal to 7.89. Finally, based on the experiments of the critical constant 

multiplication loop the enabling of data parallelization due to Soft-SIMD will lead to 

further energy savings. 

From the above it is clear that the original Matlab code which could only run on a 

PC to achieve real-time operation, has now been converted to a heavily optimized C code 

with intrinsics mapped to an ultra-low energy ASIP processor. The latter still achieves 

real-time with a clock frequency of about 100 MHz or with a 50% duty-cycles clock 

frequency of 200 MHz. The energy efficiency of the dominant part of detection algorithm 

is about 1217 MOPS/mW for an estimated 40 nm TSMC implementation, regarding the 

Soft-SIMD data-path including the instruction memory overhead. A first estimate of the 

energy in the SRAM and VWR leads to the conclusion that those contributions are 

smaller, namely only 13% extra overhead. That would bring the energy efficiency for the 

entire processor using the Soft-SIMD to 983 MOPS/mW. This clearly enables a battery-

operated mobile system with long life time for the on-line animal tracking system. Hence, 

our initial goal of the master thesis has been successfully achieved. 
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	The benchmark used for the architecture exploration is the fixed point representation of detection algorithm of the biotechnology application. The developed methodology can however also be applied to the fixed point representation of the tracking algorithm. Mapping the benchmark using the COFFEE tool to architectures with different numbers for data clusters, slots per data cluster, size of the RF size and depth of the LB, the tool set also provides the overall Pareto curve, which is illustrated in Figure 46. The curve is normalized to the architecture with the worst energy consumption and to the architecture with the worst performance.
	 The pareto points of the Figure 46 indicate architectures that consist of one data cluster, two slots per data cluster, RF size equal to 16 or 64 and LB depth equal to 64 or 128. The execution of the above experiment aims at the reduction of the architecture exploration space, while it gives a first estimate of the energy consumption. The energy estimation of the pareto point 2 is depicted in Figure 47.
	It should be stressed that a lot of already known and partly well developed methodologies exist for the reduction of the IM energy, the PL energy, the RF energy and the DM energy. The present study is focusing on the further reduction of the data path energy, initially, by applying conversion of the constant multiplications to sequences of shift and addition operations [21] and then by combining the conversion with Soft-SIMD techniques [21][22][23]. The introduction of new FUs impacts not only on the FU energy, but also on the rest energies. Even if the FU energy is shown negligible on the above example, transformations that will be applied will affect the rest of the energies, as it will be shown later on this chapter. The insertion of new FUs affects the structure of the IMH, and especially the structure of the LB. The IM energy is dominant due to the fact that the LB energy is overestimated. The default LB width is equal to 32 bits per slot and its depth is equal to 128 positions. That LB is oversized though; accordingly, in order to specify the really required IM energy consumption, the actual needed size of the LB has to be determined. Moreover, the insertion of the new FU affects the ISA of the processor and so also the PL energy. In addition, the RF energy is depending on the RF size, so the minimum needed RF size should be estimated for the biotechnology application. Finally, the DM energy consumption can be reduced by applying methodologies like ADOPT and DTSE [17].   

